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Chapter 1

Introduction.

The idea of “reducing” geometric structures is as old as the very notion of
symmetry. The interplay between symmetries and reduction was significantly
explored by the founders of classical mechanics (e.g. Poisson, Jacobi) who real-
ized that integrals of motion of a mechanical system could be used to reduce its
degrees of freedom (see e.g. [6]) and produce a “smaller” phase space. The inti-
mate connection between symmetries and conservation laws is generally referred
to as “Noether’s principle” and is central in the study of differential equations
and dynamics (see e.g. [37, 43]).

The modern mathematical formulation of the theory of reduction takes place
in the context of symplectic geometry. The usual set-up involves an action
of a Lie group on a symplectic manifold equipped with a moment map (see
e.g. [34, 46]); then the Marsden-Weinstein reduction theorem [39] produces
a quotient symplectic manifold (physically representing the phase space with
reduced degrees of freedom). This reduction procedure has played a key role in
different areas of mathematics, including the study of moduli spaces in gauge
theory and their applications to mathematical physics, see e.g. [5, 21].

In recent years, mathematical physics has motivated the study of a much
broader class of geometrical structures beyond symplectic geometry; these in-
clude e.g. Dirac structures [17, 45] and generalized complex structures [28, 24|
and are commonly referred to as “generalized geometries”. The main subject of
this thesis is the study of symmetries and reduction of generalized geometries,
extending symplectic reduction.

1.1 Generalized geometry.

For a smooth manifold M, its generalized tangent bundle is TM =TM ®T* M.
In [17], T. Courant, following ideas of A. Weinstein (see also [18]), realized that
by considering the generalized tangent bundle, one can unify different kinds of
geometric structures (including e.g. pre-symplectic forms, Poisson structures
and foliations). The motivation to treat Poisson and pre-symplectic geometry
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6 CHAPTER 1. INTRODUCTION.

on equal footing lies on the work of P. Dirac on constrained mechanics [20] where
both geometries arise naturally.
There is a natural symmetric non-degenerate bilinear form on TM given by

Jean(X + &Y +n) =ixn+ivé, X, Y e(TM); £ nel(T*M).

For a 2-form w € Q?(M) (resp. a bivector field m € X?(M)), there corresponds
a subbundle of TM given by

L, ={(X,ixw) | X € TM} (resp. L = {(iem,&) | £ € T*M}).

Both L, and L, share the property of being Lagrangian (i.e., maximal isotropic)
with respect to gean. Following [17], we call Lagrangian subbundles of TM
almost Dirac structures. For a distribution A C T M,

Lan=A®Am (A)CTM

is also an almost Dirac structure. The main achievement of T. Courant [17]
was the definition of a bracket - the Courant bracket - on the sections of TM
which encompasses the well-known integrability conditions of Poisson and pre-
symplectic structures as well as distributions. Its formula is

[X+&Y +n] =[X,Y]+ Lxn —iydg, (1.1)

for X +& Y +nel(TM @®T*M). The Courant bracket, as written above, is
not skew symmetric, hence it is not a Lie bracket. It does satisfy, however, a
version of the Jacobi identity. Noticing that

[X+&Y +n]=-[Y +0,X + &)+ dgean(X +&Y + 1), (1.2)

one may verify that [-, -] is a Lie bracket when restricted to isotropic subbundles
of TM.
A Dirac structure is an almost Dirac structure L C TM such that

[T(L), T(L)] c T(L).

For a distribution A C T'M, the corresponding subbundle LA is a Dirac struc-
ture if and only if A is involutive. Also, L, (resp. L) is a Dirac structure
if and only if dw = 0 (resp. [m,n] = 0, where [-,-] is the Schouten bracket on
multivector fields).

It is also possible to incorporate a description of complex structures in this
context, a fact which was realized by N. Hitchin [28]. Let J : TM — TM be an
almost complex structure on M and consider its —i-eigenbundle Ty ; C TM ®C.
Then,

L()71 = T()’l @® Ann (1—‘()71) cTM®C

is an almost Dirac structure relative to the C-bilinear extension of ge.n,. By
complexifying the Courant bracket, one has that Ly is a Dirac structure if
and only if J is integrable. This motivates the definition of generalized complex
structures on M as being maximal isotropic subbundles L of TM & C satisfying
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(i) LNL=0;
(i) [I'(L),T(L)] € T(L).

It is also possible to see a symplectic structure on M as a generalized complex
structure given by

Liw={(X,iw(X,)) | X e TM®C} c TM ®C, (1.3)

where w € Q2(M, R) is the symplectic 2-form. Generalized complex structures
were intensively studied in [24]. Their importance lies on the fact that they
provide a unified view of symplectic and complex geometries much desired by
physicists who study mirror symmetry (for more on the relation between gen-
eralized complex structures and physics, see [24] and references therein).

Motivated also by some constructions from physics (e.g. [32]), P. Severa and
A. Weinstein [45] realized that the Courant bracket could be twisted by a closed
3-form H € Q3(M), defining the H-twisted Courant bracket [-,-]g given, for
X+&Y+nel(TM), by

[[X+5,Y+77]]H:[X,Y]+£X777iydf+’iy’ixH. (14)

The bundle TM endowed with gean and [-, -]z is the main example of an ezact
Courant algebroid [36, 45]. In general, an exact Courant algebroid consists
of a vector bundle E over M endowed with a bracket [-,-] on its sections, a
non-degenerate symmetric bilinear form g and a map p : £ — TM, called the
anchor, satisfying a set of axioms presented in §4.1. In the case of TM, the
anchor is pro,,, the projection on T'M. One particularly important property of
FE is the existence of an exact sequence

0—T"M*E 2 TM —0, (1.5)

where we have identified F = E* using g. Exact Courant algebroids are the
space in which our geometric structures sit as Lagrangian subbundles.
Given an exact Courant algebroid, it is always possible to find a splitting
V : TM — E of (1.5) such that V(T'M) is a Lagrangian subbundle (see the
discussion on §2.1). Such splittings are called isotropic splittings. In this case
(see Chapter 4),
V+p*:TM — E

is an isomorphism which identifies (E,[-,-]) with (TM, [, ]u), where H €
Q3(M) is a closed 3-form on M defined by

H(X,Y,Z) =g([VX,VY],VZ), X,Y,Z € I(TM). (1.6)

For two isotropic splittings Vi, Vs, there exists a 2-form B € Q?(M) uniquely
defined such that

Vi X — VX :p*(ixB), VX e F(TM)

The 3-forms H;, Hy corresponding to Vi and Vs, respectively, are related by
Hy = Hy + dB (see [45]). Hence, the cohomology class [H] € H*(M,R) does
not depend on V and is called the Severa class of E [45].
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1.2 Generalized reduction.

For each of the key examples of generalized geometric structures, there is an
appropriate “reduction” procedure when a Lie group G acts on M by symmetry
(for example, Poisson reduction [38], symplectic reduction [39]). It is natural,
as well as important in applications, to seek for a reduction procedure for gen-
eralized geometries extending the familiar situations. The construction of such
procedure is the subject of [11] (see also [35] and [48]).

There is a strong analogy between the generalized reduction of [11] and re-
duction [39] in the symplectic context. In fact, from a super-geometric point
of view, this analogy is not surprising because an exact Courant algebroid E is
a symplectic (super)manifold [44] (see [10] for the study of the super-geometry
underpinning generalized reduction). In the Marsden-Weinstein reduction, one
needs a (compact, for simplicity) Lie group G acting on a symplectic mani-
fold preserving the symplectic structure, as well as a coisotropic submanifold
suitably compatible with the action. Similarly, the reduction data needed to
perform the generalized reduction of [11] includes a compact Lie group acting
by automorphisms on the Courant algebroid E over M (the analog of symplec-
tic diffeomorphisms) and a pair (N, K) (which should be seen as the analogue
of the coisotropic submanifold), where N C M is an invariant submanifold and
K C E|y is an equivariant isotropic subbundle. With the reduction data in
place, one can construct [11] the reduced exact Courant algebroid F,.q over
N/G and, more importantly, there is a map

L Loy (1.7)

associating to every invariant Dirac structure L C FE, satisfying a “clean inter-
section hypothesis”, a reduced Dirac structure L,.q C E,cq. The clean inter-
section hypothesis for the reduction (1.7) is that L|y N K has constant rank; a
more restritive hypothesis is the transversality condition L|y NK = 0 (following
the analogy with (super-)symplectic geometry, similar conditions appear in the
reduction of Lagrangian submanifolds of symplectic manifolds, see e.g. [50]).
As an example of how this procedure works, let us show how Marsden-
Weinstein reduction fits into this general framework. Consider a symplectic
manifold (M, w) acted upon by a compact Lie group G such that there exists an
equivariant map p : M — g* (with respect to the co-adjoint action) satisfying

Z'U«M"‘J = d<u7 ’LL>7 Vue g,

where ujy is the infinitesimal generator of the action. The map p is called a
moment map for the action. By choosing EF = TM with the standard Courant
bracket (1.1),

N = p7'(0) and K = Ay @ Ann (T~ 1(0))),

where Ay is the distribution tangent to the G-orbits, the reduced Courant al-
gebroid E,..q over M,..q = u~1(0)/G is naturally isomorphic to TM,..q with the
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standard Courant bracket. Moreover, by taking L = L, the Dirac structure
corresponding to w, its reduction L,.q is exactly the Dirac structure correspond-
ing to the Marsden-Weinstein reduced symplectic structure wyeq on M.cq [39]
(see Example 4.56 for more details.)

Another simple instance of generalized reduction is the restriction of a Dirac
structure L C (TM, [, ]u), H € Q3(M), to a submanifold N C M; this
restriction operation was originally considered in [17]. In this case, there is
no Lie group action; only the pair (N, K), where K = Ann(TN) C TM|xy.
The reduced Courant algebroid E,.q is naturally identified with (TN, [-,-],+#),
where j : N — M is the inclusion map. The reduced Dirac structure L,..q is
given by

LINN(TN®T*M|N)
Ann (T'N)

(see Example 4.55 for more details); the cleaness condition in this case is that
L|y N Ann (T'N) has constant rank.

In [11, 12], the map (1.7) (providing the necessary complexifications) extends
to complex Dirac structures L C E®C. This is fundamental when dealing with
generalized complex structures.

(1.8)

1.3 The pure spinor point of view.

The approach N. Hitchin originally followed in [28] to define generalized complex
structures relies on the Clifford bundle CI(E, g) associated to an exact Courant
algebroid E. To any isotropic splitting V : TM — E of (1.5), there corresponds
a representation of CI(E,g),

Iy : CI(E, g) — End (A*T*M).

By a well-known result of E. Cartan [14], almost Dirac structures L C F corre-
spond to specific line bundles UV (L) C A*T*M called pure spinor line bundles.
At a point x € M, one has

UV(L), ={p € N°T;M | TIy(e)p =0, Ve € L,}.

By complexifying the whole picture, the correspondence between almost Dirac
structures and pure spinor line bundles extends to £ ® C, by switching A*T™* M
with A*T*M ® C (this will be important for generalized complex structures;
see Example 5.4 for more details). Let us give an example. For a distribution
A C TM, let {&,...,&,} be a frame for Ann (A) C T*M over some open
neighborhood ¥V C M. Then ¢ = & A--- A&, is a section of UVen (A® Ann (A))
over V corresponding to the canonical splitting

Vew: TM — TM
X — (X,0).

Hence,
UVesn (A @ Ann (A)) = det(Ann (A)). (1.9)
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In particular, by considering a complex structure J : TM — T M, the associated
(complex) Dirac structure, Lo 1 = Tp,1®Ann (Tp,1), corresponds to the canonical
line bundle of (M, J),

UVen (L) = det(Ann (Tp 1)) = A™ T* M, (1.10)

where n = dim(M).

In [28], a class of generalized complex structures L C TM ®C for which there
exists a closed global section of UVen (L) was studied. For (1.10), the existence
of a closed global section turns (M, J) into what N. Hitchin [28] calls a Calabi-
Yau manifold (although in the literature it is more common to ask, additionally,
for (M, J) to be Kéhler). This new class of generalized complex structures is
called generalized Calabi-Yau. Another example of a generalized Calabi-Yau
manifold is given by the generalized complex structure (1.3) associated to a
symplectic manifold (M,w). Indeed, its pure spinor line bundle U V< (L; ) has
a canonical global section given by

for which ‘ ‘
de ™™ = —idwNe ™ =0.

The major role played by the pure spinor line bundle in generalized Calabi-
Yau geometry shows that it is an important piece of information. The pure
spinor line bundle provides an alternative, easier-to-handle in concrete examples
(see e.g. [24]) framework in which, in principle, every construction in generalized
geometry can be understood. As an illustration of how useful pure spinors can
be, we mention the work of A. Alekseev, H. Bursztyn, E. Meinrenken [1] about
G-valued moment maps [2], where pure spinors were used sucessfully to obtain
a much simpler construction than [3] (which also extends to the case where G
is non-compact) for the volume forms in quasi-Hamiltonian G-spaces.

Our goal in this thesis is to provide a refined description of the generalized
reduction procedure constructed in [11] (see §1.2) by using pure spinors. More
precisely, given a Dirac structure L C E and an isotropic splitting V : TM — E
satisfying suitable (invariance and cleaness) conditions, we want to find the
pure-spinor counterpart of (1.7); i.e., we would like to construct an explicit map

DUV (L)) — DU (Lyea)), ¢ = $reds (1.11)

relating pure spinors of L and L4 (here V,..q4 is an isotropic splitting for E,..q
corresponding to V).

The main technical difficulty to describe (1.11) is that redution via pure
spinors is more sensitive to transversality issues than (1.7). Usually, one has
to distiguish between L|y N K with constant rank equal to zero or not. Let us
illustrate this issue with the simple case of restriction as in (1.8).

The map
L|N n (TNEBT*M‘N)

L Lre( = ’
T red Ann (TN)
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where N C M is a submanifold, is well-defined as long as L|xy N Ann (T'N) has
constant rank. It is well known (see e.g. [1]) that, in case L|y N Ann (T'N) =0,
the pull-back map
J5NT M — N*T*N
(corresponding to the inclusion map j : N — M) restricted to the pure spinor
line bundle UV (L) C A®*T*M relates the pure spinors of L and L,.q. The
problem is that for a section ¢ of UV (L), if L|y N Ann(TN) has constant
non-zero rank, then
7' =0.

In other words, all geometric information in the pure spinor is lost upon re-
striction to a submanifold, even though the geometric structure itself admits a
restriction.

One of our main achievements is a method (see the details in §3.2.2) which
circumvents the non-transversality issues by finding a Lagrangian subbundle
L' C E|n (that we call the pertubation of L) for which

(1) Lyeq = Lrea;
(ii) L'N K = 0. Moreover, L' = L|y if and only if L|xy N K = 0.

The definition of the pertubation relies on the choice of an equivariant
isotropic subbundle D C E|y such that (see Proposition 4.32)

(LInNK)" @D = E|y,

where (- )+ refers to orthogonal with respect to g. Our main result (see Theorem
5.29) says that if ¢ is an invariant section of UV (L) (with respect to a G-action
on A*T*M which corresponds to an action by automorphisms on E; see §5.1.2)
over an invariant neighborhood V of M and {dy,...,d,} is an invariant frame
for D over N NV, then the formula

Pred = 4« Oj*(eB A HV(dl R dr)@) (112)

defines a section of UVred(L,.4) over (NNV)/G; here B € Q?(M) is an invariant
2-form satisfying
Vuy + 9" (iy,,B) e T(K), Vueg

(see the discussion in §4.2.2) and ¢, : Q(N) — Q(N/G) is the push-forward of
differential forms (integration along the fibers) corresponding to the principal
bundle ¢ : N — N/G (see Appendix B).

1.4 Contents.

We now summarize the contents of this thesis.

In Chapter 2, we present the linear algebra involved in the reduction pro-
cedure of [11]. For this, following previous work of H. Bursztyn and O. Radko
[13], we consider the split-quadratic category, an exact analogue of the linear
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symplectic category (see [26] and [50]). This category has as its objects vector
spaces E endowed with non-degenerate symmetric bilinear forms ¢g admiting
Lagrangian subspaces. The morphisms from (F1, g1) to (E2, g2) are Lagrangian
subspaces A C (E1,—g1) X (Fa,g2). It was shown in [11] how to interpret the
reduction procedure as a quotient in this category. Our main result in this part
is a factorization (see Theorem 2.35) of the quotient morphism into simpler
pieces. The main ingredient for this factorization is the notion of K-admissible
splitting (see Definition 2.32).

In Chapter 3, we review the well-known theory of Clifford algebras and pure
spinors. Our references for this part are [16, 24, 40]. In this chapter, we define
pure spinors and see how the linear reduction defined in Chapter 2 operates
on pures spinors at the linear-algebra level (see Theorem 3.24). At the end of
this chapter (see §3.2.2), we will present our pertubative method to solve the
technical problem of how to deal with L|y N K # 0.

We review the work in [11, 12] in Chapter 4. We begin by defining properly
the main objects (e.g. Courant algebroids, Dirac structures, etc) and by study-
ing the group of automorphisms of a Courant algebroid and the corresponding
Lie algebra of derivations. In §4.2, we then show how to obtain the reduction
data which is used in §4.3 to construct the reduced Courant algebroid E,..q over
M, cq. Instead of just quoting the results from [11, 12], we have chosen to adapt
the general construction of [11] to our simpler case. The main reason for this is
the need of having a working expression of the reduced bracket on I'(E,q) to
prove our result on the Severa class of Ep.q (see Proposition 4.47). This result
will be important to our alternative proof of the integrability of the reduced
Dirac structures (see Theorem 5.41).

Chapter 5 is where the main results of this thesis are presented. We begin by
constructing the Clifford bundle. Specializing to the case of Courant algebroids,
we follow [29] to study the structure of CI(E, g)-module on I'(A*T*M) induced
by isotropic splittings V : TM — FE. In §5.1.2, we show how automorphisms
of E act on T'(A*T*M) following ideas of [29], where this action was defined
(we shall clarify a few points concerning its definition). This action allows one
to define a Cartan-like calculus on I'(A*T* M) extending the Lie derivative [29]
and to give an interpretation, first obtained in [4], of the Courant bracket as a
derived bracket [33]; it also allows one to relate invariance of a Dirac structure
with invariance of its pure spinor line bundle (see Proposition 5.22). In §5.3, we
present our main results. The first one (Theorem 5.29) proves formula (1.12).
The second one (Theorem 5.41) provides an alternative proof that the reduced
Dirac structure is integrable only in pure spinors terms. We finish this chapter
with some applications of our results. First, we illustrate formula (1.12) in some
examples in §5.4.1. We also give conditions for the reduction of generalized
Calabi-Yau to be also generalized Calabi-Yau in §5.4.2; our result generalizes
the main result of [41]. At last, we shed new light on previous work of G.
Cavalcanti and M. Gualtieri [15] on T-duality. In their work, they use the
mathematical model of T-duality proposed in [8] (see also [9]) to construct a
map relating Dirac structures on T-dual spaces. Using Theorem 5.29, we are
able to show that their map, when interpreted as acting on pure spinors, is
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exactly the isomorphism constructed in [8] relating the twisted cohomologies of
the T-dual spaces (see Theorem 5.53).

In the Appendix A, we extend the results of §3.2 on how the quotient mor-
phism acts on pure spinor to more general morphisms (in the sense of the split-
quadratic category). This appendix was inspired by unpublished work of M.
Gualtieri [25]. In the Appendix B, we collect some results on push-forward of
differential forms m, : Q(P) — Q(N), where 7 : P — N is a G-principal bundle
with G compact and connected, following [7]. The proofs of some known results,
included for the sake of completeness, are collected in Appendix C.
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Chapter 2

Reduction on the linear
algebra setting

In this chapter, we study the linear algebra related to the geometry of the
extended tangent bundle TM := TM & T*M for a smooth manifold M. The
main algebraic features of TM which concern us are the existence of a non-
degenerate symmetric bilinear form given by

gean(X + &Y +0) =ixn+iyE, for X, Y e T(TM) and £,n € T(T*M)

and of an exact sequence
0 — T*M 22 Tar 2% 7af — 0

(where we have identified TM 2 (TM)* using gean). These constitute the
ingredients of an extension of a vector space, as first defined in [29]. In §2.1, we
study a general extension of a fixed vector space and focus on its Lagrangian
subspaces. In the case of TM, Lagrangian subbundles are called (almost) Dirac
structures on M and they were studied thoroughly by T. Courant [17] as a
generalization of both pre-symplectic and Poisson geometries. In §2.2, we follow
previous work of H.Bursztyn and O.Radko [13] to construct a category in which
Lagrangian subspaces are morphisms; this category is the exact analogue of the
symplectic category [26, 50]. In §2.3, we define a quotient procedure in this
category following [11]. In the last section, we prove a result which gives a
factorization of the quotient morphism (Proposition 2.35) which is of central
importance in this thesis.

2.1 Extensions of finite-dimensional vector spaces.

Let V be a finite-dimensional vector space over F = R or C. We say that a
vector space E over I is an extension of V' if it has a non-degenerate symmetric

15
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bilinear form ¢ : £ X E — F and there is a linear map p : E — V such that the
sequence

00—V 2BV _ 0 (2.1)

is exact, where we have identified F = E* using the isomorphism

g: E — E*
e — gle).

Remark 2.1. In the following, by vector space we mean finite-dimensional F-
vector space, where F can be either R or C. When necessary, we say a real (or
complex) vector space.

Example 2.2. For any vector space V, consider £ =V @& V* together with the
bilinear form gc,, given by

gean(X + &Y + 1) =ixn+iyE, where X, Y € V and {,n e V*

and pry, : V@ V* — V. The triple (V @ V*, gcan, pry/) defines an extension of
V which we call the canonical extension of V. We denote it by D (V).

A vector space E endowed with a non-degenerate symmetric bilinear form
g: E x E — T is called a quadratic vector space.

Definition 2.3. Let (E, g) be a quadratic vector space. For a subspace K C E,
define its orthogonal to be

Kt ={e; € E| g(e1,e3) =0 for every ey € K}.

We say that the subspace K is isotropic if K ¢ K+ and Lagrangian if
Kt =K.

Let (E,g) be a quadratic vector space and K C E a subspace. Under the
isomorphism ¢f : E — E*, K is sent to the annihilator of K and thus

dim(K) + dim(K ™) = dim(E). (2.2)
Therefore, if K is isotropic, then
2dim(K) < dim(E).
and the equality holds if and only if K is Lagrangian.

Example 2.4. Consider C?" with its canonical bilinear form
g(z,w) = Z Zw;. (2.3)
j=1

Let {e1,...,e2,} be the canonical basis. The subspace L spanned by

el 4ie"t e +ie™
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is Lagrangian as well as its complement L’ spanned by
el —qentt e —ie™.
This decomposes C2" into a sum of Lagrangian subspaces

(CQn — L o LI.

Example 2.5. For any extension (E,g,p) of V, the subspace p*(V*) is La-
grangian. Indeed, for &;,& € V*,

9(p*(&1),p"(&)) = & (pop™(&2)) = 0.
which proves that p*(V*) is an isotropic subspace of E. By (2.1),
2 dim(p* (V")) = dim(E)
which proves that p*(V*) is Lagrangian.
Example 2.6. Let w € A2V* be a 2-form. The induced map

wp: V.o o— VF
X = W(Xv')

defines a Lagrangian subspace of D (V') given by
Graph (wy) = {X +€ € V@& V* | € = w(X, ).
We claim that any Lagrangian L C D (V) such that
LAV =0 (2.4)
is the graph of 2-form w. Indeed, (2.4) implies that
prylp L=V

is injective and as they have the same dimension, it is an isomorphism. Now,
L = Graph (F), where F : V — V* is the composition

—1
PrVIL Pry «
Vv — L —V*

A straightforward calculation shows that the fact that L is isotropic implies that
w:V xV — F defined by

W(X,Y) =iy F(X)
is antisymmetric and F' = wy.
Proposition 2.7 ([40]). Let (E,g) be a quadratic vector space. Given any

isotropic subspace Ky of E, there exists another isotropic subspace Ky such that
Ki® Ky =E.
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Proof. Take any complement D to Kg-. As
0=(D®Ky)t =D'nKy,

the map g¢* : Ky — D* given by g¢*(z) = g(w,-)|p is an isomorphism. Let
A: D — Kj be the composition

x—qg(x,- -1
D( g(v)\D)D*(g) K.

It clearly satisfies g(Ax,y) = g(x,y) and therefore

1 1 1
9o = 5 Azy = SAy) = glx,y) = 5(9(x, Ay) + g(Az,y)) = 0,

so that K1 = {z — 24z | 2 € D} is an isotropic complement to Ky as we
wanted. O

Corollary 2.8. Let (E,g) be a quadratic vector space. Suppose E has a La-
grangian subspace L; then there exists a Lagrangian complement L' to L.

Proof. By Proposition 2.5, there exists an isotropic subspace K; C E such that
E=K,®L*=K,®L.
Therefore, as 2dim(L) = dim(F) (because L is Lagrangian)
2dim(K;) = 2dim(E) — 2dim(L) = 2dim(F) — dim(F) = dim(E).
This proves that K; is also Lagrangian. O

Remark 2.9. In the case (E, g) is a 2n-dimensional quadratic vector space over
R, the existence of a Lagrangian subspace L is equivalent to g having signature
(n,n). Indeed, let L’ be a Lagrangian complement given by Corollary 2.8. Now,
let {e1,--- ,e,} be a basis of L. As LN L' =0 and g is non-degenerate, there
exists a basis {e!,...,e"} of L’ such that g(e;,e?) = &!. For the orthonormal
basis {e],...,ef e ...,e; } of E given by

»Cn o

1 _
ef = —=(ei+e') and e; =

CV2

), fori=1,...,n,

1( i
I
V2

one has
g(e;r,ej) = —g(e;,e;) = 4,5 and g(e;r,e;) =0.
Hence, {e],...,e}} (vesp. {e] ...,e;}) spans a n-dimensional subspace E7

(resp. E7) of E where g is positive definite (resp. negative definite). This
proves that g has split signature (n,n). Conversely, given a decomposition

E=Et®oE~

where g|p+ is positive definite and g|g- is negative definite with dim(E+) =
dim(E~) = n, the graph Graph (A) C FE of any isomorphism

A:(EY, glp+) — (E7, —glp-)

is Lagrangian.
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Remark 2.10. For a quadratic vector space (E, g) over C, there always exists
an orthonormal basis {e1, ..., e,} with g(e;,e;) = 1foralli =1,...,n (see [40]).
This gives an isomorphism of (E, g) with C" with the bilinear form g given by
(2.3). In particular,

D (C") = (C*", g).

Note that for any even-dimensional quadratic vector space (E, g) over C, there is
always a decomposition of E into a sum of Lagrangian subspaces (see Example
2.4).

Definition 2.11. A split-quadratic vector space is a pair (E, g) where E is a
vector space and ¢ is a symmetric bilinear form admiting Lagrangian subspaces.

Note that whereas every even-dimensional complex vector space E with a
non-degenerate symmetric bilinear form is split-quadratic, in the real case, the
signature of g is an obstruction to the existence of Lagrangian subspaces (see
Remark 2.9).

Let (E,g,p) be an extension of V' and consider L = p*(V*). As we saw
in Example 2.5, L is Lagrangian. Hence, Proposition 2.8 guarantees the exis-
tence of a Lagrangian complement L’ to L. In this case, p|r, : L' — V is an
isomorphism. Define

V=p:V—E.

Note that V is a splitting for (2.1) such that V(V) = K; is Lagrangian.

Definition 2.12. Let (F,g,p) be an extension of V. Any splitting V:V — E
of (2.1) such that its image is isotropic is called an isotropic splitting.

Fix an extension (E,g,p) of V and consider V an isotropic splitting for E.
For e € E, one has that p(e — Vp(e)) = 0. As the sequence (2.1) is exact,
there exists sy(e) € V* such that p*(sy(e)) = e — Vp(e). Note that sy is
characterized by the equation

ixsv(e) =g(e,VX), VX e V. (2.5)

Lemma 2.13. Let (E,g,p) be an extension of V. For any isotropic splitting
V.V — E, the map

d E — VoVr

e — (p(e),sv(e))

v -

(2.6)

is an isomorphism satisfying:
(1) G gean = g
(2) the diagram
E- . vevr

E [

Vi—d> Vv

18 commutative
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The inverse of Oy is given by
PN (X, ) =VX +p*¢, for X eV, eV . (2.7)
Proof. For ey, e € E,
gcan(q)v (61)’ CI)V (62>) = ip(52)8v(€1) + ip(el)8v(62)

g(e1, Vp(ez)) + g(e2, Vp(er))
= g(e1,e2) — gler,e2 — Vp(ez)) + g(ez, Vp(er))

Now, observe that

gler,ea — Vp(ea)) = g(er — Vp(e1),ea — Vp(ez)) + g(ez, Vp(er))
= 9(62>VP(61))

because e¢; — Vp(e;) € p*(V*) for i = 1,2. Combining the last two equations
yields

Gean (P (€1), P (€2)) = g(e1, e2).

It is straightforward to check that (2) holds. To finish the proof, note that for
XeVandeVr,

P sv(VX +p*) = VX +p" — Vp(VX +p*) = VX +p*{ — VX =p*¢
and therefore s¢ (VX + p*¢) = £. Thus
Oy (VX +p*8) = (p(VX +p¢), sv (VX +p¢) = (X,§).

O

Proposition 2.14. Let V; : V — E be an isotropic splitting fori =1,2. There
is a unique 2-form B € N>V* such that

VX =V X +p*(ixB), vX eV. (28)
In this case, we denote Vo by V1 + B.

Proof. The subspace Vo(V') C E is Lagrangian and Vy(V)Np*(V*) = 0. Hence,
its image @y, (V2(V)) under the isomorphism given by (2.6) for V; is a La-
grangian complement to V*. By Example 2.6, there exists a 2-form B € A2V*
such that

Py, (V2(V)) = Graph (By)

or, equivalently,
Va(V) = &g (Graph (By)).

One obtains (2.8) using the expression for @gi given by (2.7). O
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For V an isotropic splitting and B € A2V*, themap 73 : VO V* -V V*
given by
TB(X—‘rf):X-‘rixB—Fg (29)

makes the diagram below commutative

E 27 ygy
lid lm (2.10)

CI:‘V
E —— VeV
We call 7 a B-field transformation.

Remark 2.15. Let (E,g,p) be a real extension of a real vector space V. Its
complexification E ® C together with the C-bilinear extension gc and the map

pRid: EQC—V®C

is a complex extension of V ® C. Any isotropic splitting V : V' — FE induces an
isotropic splitting for £ ® C given by

VRid:VeC— ExC.

One can check directly that the isomorphism ®ygiq : EQC - (VO V*)®C
given by (2.6) is equal to Py ® id, the C-linear extension of &y : E — V ® V*.

From what has been done so far, it is clear that to study Lagrangian sub-
spaces of an arbitrary extension of a vector space V, it suffices to study La-
grangian subspaces of D (V) and see how they transform under 75, for B €
A2V

Example 2.16. Let S C V be a linear subspace and let
Ann(S)={ceV*| {s=0} C V™

The subspace
L=S®Am((S)cVeaV”*

is Lagrangian. For a 2-form B € A2V*,

(L) ={(X,§) e Ve V" [ {|s =ixj B}

Example 2.17. Let 7 € A%V be a bivector and consider the induced map

s VYoV
g U ,/T(fa')'

One has that

Graph (ﬂ'ﬁ) ={X+feVaV"|X=n,)}
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is a Lagrangian subspace of D (V). Arguing as in Example 2.6, one can prove
that a Lagrangian subspace L C D (V) is the graph of a bivector if and only if

LNV =0.

To see how L transforms under 75, for B € A2V*, we need to study more of the
structure of Lagrangian subspaces of D (V). In general, 75(L) will no longer be
the graph of a bivector.

A Lagrangian subspace L of D (V') can be fully characterized by its projection
S =pry (L) on V and a 2-form wg € A2S* defined by

ws(X,Y)=g(X +&Y)=¢4(Y), where £ € V* is such that X +¢ € L. (2.11)

Note that if n € V* is any other 1-form such that X +n € L, then £ —n € LNV*
and as L is isotropic, it follows that £(Y) = n(Y) for every Y € S.

Remark 2.18. For a Lagrangian subspace L C D (V'), one has
LNV* = Ann (pry(L)). (2.12)

The pair (S, wg) determines L by
L={X+4+€£€SpV" |ixws =¢|s} (2.13)

It can be checked by a straightforward calculation that for B € A2V* and
a Lagrangian subspace L C D (V') associated to the pair (S,ws), T7p(L) is the
Lagrangian subspace associated to the pair (S,wg + j*B), where j : S — V is
the inclusion.

Remark 2.19. Note that by taking any B € A?V* such that j*B = wg, one
has that 75(S @ Ann (S)) = L.

Remark 2.20. For a Lagrangian subspace L corresponding to a pair (S, ws),
it is straightforward to see that

LNV ={XeS|ixws=0}

Hence, graphs of bivectors corresponds to pairs (5, wg) whose 2-form wg € A2S*
is non-degenerate.

Remark 2.21. A dual characterization of L is obtained by changing the roles
of V and V*. Note that

pry-(L) = Ann(LNV)

and therefore
(pry« (L))" =V/(LNV).

The analog of wg (2.11) in this case is a bivector T~y € A2(V/LNV) and
L= {X +&eVaAm(LNV) | X|Ann(LﬂV) = ifﬂLﬂV}- (2.14)

where we used the isomorphism V = (V*)*.
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2.2 The split-quadratic category.

Let (E;, g;) be a split-quadratic vector space for i = 1,2. Denote the split-
quadratic vector space (Ej,—g;1) by E;. Following ideas from Guillemin -
Sternberg [26] and Weinstein [50] in the setting of symplectic geometry, Bursztyn
- Radko [13] introduced a category whose objects are D (V) (see Example 2.2)
for a vector space V' and morphisms are Lagrangian subspaces of D (V) xD (W).
The motivation was to find a proper setting to define pull-back and push-forward
of Lagrangian subspaces of D (V') (see (2.22) and (2.23) below) generalizing the
notion of symplectomorphisms and Poisson maps. In this section, we naturally
extend their category by considering more general split-quadratic vector spaces
as objects. We call split-quadratic category this enhanced category.

The starting principle for the split-quadratic category is the observation that
when F': (E1,g91) — (Es2, g2) is an isomorphism, its graph

Ap = {(el,F(el)) | e € El} (215)

is a Lagrangian subspace of E, x E,. Moreover, if L is a Lagrangian subspace
of Eq, one can obtain F (L) as

F(L)={ex € Ey | Jey € Eys.t.(e1,e3) € Ap}.

This suggests the following: for Lagrangian subspaces A C E; x E, and
L C Ey, define

A(L)={ez € B3 | Je1 € L s.t (e1,e2) € A} (2.16)
Proposition 2.22 (See e.g. [13]). A(L) is a Lagrangian subspace of Es.

We will give a well-known proof of this proposition in the next section as an
instance of a reduction procedure.

If Ay C Ey x By, Ay C E5 x E3 are Lagrangian subspaces, their composition
is defined by

Ay oAy ={(e1,e3) | Fea € Es s.t. (e2,e3) € Agand (er,e2) € A} (2.17)

A direct computation shows that if F} : E; — Ey and Fy : Es — FEj3 are
isomorphisms then
Ar,

 © AFI = AF20F1'

The split-quadratic category is the category where the objects are split-
quadratic vector spaces (E, g) and morphisms from (E1,¢1) to (E2,g2) are La-
grangian subspaces of E; x Fy. This category has a point space E = {0} and
g = 0. For any split-quadratic vector space (E, g) its Lagrangian subspaces can
be seen as Lagrangian subspaces of {0} x E, which are morphisms from the
point space to E. One then immediately checks that, for Lagrangian subspaces
ACE1XE2 andLCEl,

A(L)=AoL,

where the right-hand side is interpreted as composition of morphisms

{0} 5 B, 4 B,
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Remark 2.23. Under this point of view, Lagrangian subspaces of (E, —g) are
morphisms from (E,g) to {0}. Although as a set any Lagrangian subspace L
of (E,g) is also a Lagrangian subspace of (E, —g), its categorical interpretation
changes when one passes from g to —g. This difference will play an important
role.

We give a proof that A, o A; is a Lagrangian subspace of E; x E3 as an
application of Proposition 2.22.

Proposition 2.24. The subspace AS9 = {(e1,eq,e1,e3) | (eg,e3) € Ay} is
Lagrangian in E1 X Eo X E1 X E3 and

AS9(Ay) = Ago Ay
Proof. Note that Agig is the image of A x Ay under the natural isometry
E1XE1XE2XE3—>E1XE2XE1XE3

which exchanges the second and third factors and where A = {(e1,e1) | €1 €
E;} is the diagonal. It is straightforward to see that A x As is a Lagrangian
subspace of F1 x Eq1 x FEy x Fj.

For the second statement (see (2.16)),

{(e1,e3) | (e}, e2) € Ay s.t. (€, e2,e1,e3) € A9}
= {(e1,e3) | Jea € E3 s.t. (e1,e2) € Ay and (ea,e3) € Aa}
= AQ OAl.

AS9(Ay)

O

Remark 2.25. To any extension (E,g,p) of a vector space V, there is an
associated split-quadratic vector space (E, g) together with a distinguished La-
grangian subspace p*(V*). Conversely, to any split-quadratic vector space (E, g)
together with a Lagrangian subspace L C FE, the adjoint p : E — L* of the in-
clusion L — E makes (E, g,p) an extension of L* (as usual, we use g to identify
E with E*).

For Ay C E1 x E5 a morphism, the transpose of A; is defined as
Al ={(e2,e1) | (e1,e2) € A} (2.18)

It is clearly a Lagrangian subspace of Fy x E;. If Ay C E x Es3 is another

morphism, one has that
(AyoAp)t = AL o AL (2.19)

Let (E;, g;) be split-quadratic vector spaces for i = 1,2 and let A C Ey x E»
be a Lagrangian subspace. Define

ker (A) = {e; € E1 | (e1,0) € A} (2.20)

and
im(A) = {e2 € E2 | Je; € Ey s.t. (e1,e2) € A} (2.21)
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Lemma 2.26. One has that
ker (A) = im(A%)*.
In particular, ker (A) is an isotropic subspace of Ej.

Proof. For e; € E; we have
e1 € ker (A) & (e1,0) € A
As A is Lagrangian, this is equivalent to
0= g((e1,0), (¢}, e2)) = —gi(e1,€}), V(ej,e2) € A

where g = —g1 +gs is the bilinear form on E; x Fy. This proves that e; € ker (A)
if and only if e; € im(A?)*. For the second statement, note that ker (A) C
im(A?). O

In the rest of the section, we recall some results from [13]. Let V; and V5 be
vector spaces and let f : V3 — V5 be a linear homomorphism. Define

Ap ={(X ™, f(X),m) | X e Vi,n e V5'} €D (Vi) x D (V) (2.22)

and

Ap ={(f(X),n, X, f'n) | X € Vi,n € V5'} C D (V2) x D (V1) (2.23)

(by abuse of notation, we denote the pair (V; @ V;*, gcan) by the same symbol
of the canonical extension D (V;)). Tt is easy to check that Ay and A% are
Lagrangian. For a Lagrangian subspace L; C D (V1)

Ap(Ly) ={(f(X),n) € D(V2) | (X, f™n) € L1}

By Proposition 2.22, it is a Lagrangian subspace of D (V3) called the push-
forward of Ly by f. Similarly, for a Lagrangian subspace Lo C D (Va),

A§(L2) = {(X, f*n) € D(V1) | (f(X),n) € L2}

is a Lagrangian subspace of D (V) called the pull-back of Lo by f. For the next
proposition, recall the characterizations of Lagrangian subspaces of a canonical
extension given by (2.13) and (2.14).

Proposition 2.27. (Bursztyn - Radko [13].) Let Ly C D (V1) and Ly C D (Va)
be Lagrangian subspaces.

(1) If Ly = Af(Ly), then f(L1NV1) = LyNVa and the induced transformation

Vi Va
: —
LinWw LaNVy

f

satisfies f*(ﬂ'Lmvl) = TLyNVa-
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(2) If Ly = A} (La), then f=1(pry, (L2)) = pry, (L1) and f*wpr,, (La) = Wpry, (L1)-

In particular, if Ly = Graph (wy), for a 2-form w € A2V (see Example 2.6),
then

A%(Ly) = Graph (f*w).

Similarly, if L; = Graph (71"3), for a bivector 7 € A2V} (see Example 2.17), then

Af(L1) = Graph ((f*ﬂ')u)

In [13], Bursztyn-Radko also give the following definition: given L; C D (V)
and Ly C D (V3) Lagrangian subspaces and a map f : V; — V, we say that

(1) f is forward Dirac if
Ap(Ly) = Lo.

It is strong forward Dirac [1] if it is forward Dirac and L; Nker (f) = 0;

(2) fis backward Dirac if
A4 (Ls) = Ly.

It is strong backward Dirac [1] if it is backward Dirac and Lo N
ker (f*) = 0.

2.3 A reduction procedure.

In this section, we develop a quotient procedure in the split-quadratic category.
Given a split-quadratic vector space (F,g) and an isotropic subspace K C F,
there is an induced symmetric bilinear form on K+ /K which turns it into a
split-quadratic vector space. Associated to it, there is a canonical Lagrangian
subspace A C E x K+ /K which defines a quotient map

Lag(E) 25 Lag(K*/K)
L — Ag(L).

This can be seen as the linear algebra model for the reduction framework de-
veloped in [11]. As an application to this procedure, we prove Proposition
2.22 following unpublished notes of M.Gualtieri [25]. When (FE,g) comes from
an extension (FE, g, p) of some vector space V, we prove (see Proposition 2.30)
that K+ /K has the structure of an extension of Q/R, where Q = p(K*) and
R = p(K). When studying isotropic splittings for K+ /K, the fundamental
notion of K-admissible splittings is introduced in Definition 2.32.

Let (E, g) be a split-quadratic vector space and let K C E be an isotropic
subspace. On K- /K, consider the symmetric bilinear form

gy (ki + K, ky + K) = g(kif, ky), for every ki, ki € K+, (2.24)
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which is easily seen to be non-degenerate. Hence, (K+/K,gx) is a quadratic
vector space. For a Lagrangian subspace L C F define

LNK++K { Kt
Lg="—" """ =

4+ Ke —
K thRER

ke LmKL}. (2.25)

Proposition 2.28. For any Lagrangian subspace L of E, Lk defines a La-
grangian subspace of Ex. Therefore, (K+/K, gi) is a split-quadratic vector
space.

Proof. Let ki + K, k3 + K € K*+/K with ki-, k5 € L N K. Then,
gr (ki + K, ky + K) = g(ki, ky) = 0

because L is isotropic. This proves that Lx C K+/K is isotropic. To prove
that Lg is Lagrangian, note that

dim(Lg) = dim(LN K+ 4+ K) — dim(K).
Now, we claim that L N K+ + K is Lagrangian. Indeed,
LNK+*+K*=[(L+K)NnK )t =(L+K)*+K=LnK*+K. (2.26)

Therefore,

2dim(Lg) = 2dim(L N K+ + K) — 2dim(K) = dim(E) — 2dim(K)
dim(K+) — dim(K)
dim(K+/K)

which proves that Ly is Lagrangian and implies that (K+/K, gx) is a split-
quadratic vector space (see Definition 2.11). O

Consider the canonical morphism Ax C E x K+ /K defined by
A = {(k5 k* +K) |kt € Kt} (2.27)
We claim that for a Lagrangian subspace L of F,
Lx = Ak (L).
Indeed (see (2.16)),
Ax(L)= {kt+KeKY/K|3JeeLst (e,kt+K)eA,},
but as (e, kt + K) € A, if and only if e € K+ and e + K = k*+ + K, one has
Ag(L)={k*+KeK*/K |kt € LNnK'} = Lg.

We call Ax the quotient morphism from F to K+ /K. Let us prove Propo-
sition 2.22 as an application of Proposition 2.28.
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Proof of proposition 2.22. The argument is an adaptation of Weinstein’s [50].
Begin by noticing that inside E; x E; x Es, the diagonal K = Apg, x {0} is
isotropic. Also K+ = Ap, x Ey. It is straightforward to check that the split-
quadratic vector space (K /K, gr) is isomorphic to (Fz, g2). The key point is
to find A(L) as a the image of some Lagrangian subspace of Ey x E1 x E1 under
the quotient morphism Ag; the result that A(L) is Lagrangian will follow from
Proposition 2.28. Now, L x A is clearly Lagrangian and

(LxA)NK++K
K

is exactly A(L). O

AK(L X A) =

Let us pass to the case where (E, g) comes from an extension (F,g,p) of a
vector space V. Let K be an isotropic subspace of E and call R = p(K) and
Q = p(K%1). Tt is clear that R C Q.

Lemma 2.29. One has that p*(V*) N K = p*(Ann (Q)) and p*(V*) N K+ =
p*(Ann (R)). Moreover, the sequences

0— Amn(Q) *> K >R —0
and .

0— Amn(R) 2> K+ 2 Q —0
are exact.

Proof. We have just to prove that p*(V*)NK = p*(Ann (Q)) and p*(V*)NK+ =
p*(Ann (R)) as the exactness of both sequences follows from (2.1). We check
the first as the other follows by similar arguments. For £ € V* and e € F, one
has that

g(p*&,e) = &(ple)).

Thus, if p*¢ € K, then &(p(kt)) = 0 for every k* € K=, which proves that
¢ € Ann(Q). On the other hand, if & € Ann(Q), then g(p*(¢),k%) = 0 for
every k+ € K which proves that p*¢ € (K+)t = K. This completes the
proof. O

The map p: E — V induces a map p,. : K+/K — Q/R defined by
pic (k" + K) = q(p(k)) + R, (2.28)
where ¢ : Q@ — Q/R is the quotient map.
Proposition 2.30. E, := (K+/K, g, ,p, ) is an extension of Q/R.

Proof. As g, is non-degenerate, it remains to prove that

- 1
0—><g> p_K)% p_f%%—m (2.29)
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is exact. Consider the isomorphism

Ann (R) /Am (Q) - (Q/R)’
{+Am(@) +— & Q/R — R
X+R — &(R).
and the map (well-defined by Lemma 2.29)
Ann (R) /Ann (Q) LN Kt/K

E+Amn(Q) — p¢+K.

We claim that
p* ol =1Ts.

K

Indeed, for ¢ € Ann (R) and kt + K € K1 /K,
9 (Ta(E+ A (Q)), k" + K) = g (p"E + K, b+ + K) = g(p"&, k) = E(p(kT))
and

9ic (P}, o TL(6 + Ann (Q)), b+ + K) = E(p (K + K)) =

Hence, as g is non-degenerate, it follows that p? o Ty = T. Therefore, the
chain map

0 —— Amn(R) /Amn (Q) —2— K+/K -2 Q/R —— 0
lT1 J{Id l[d
0 — (Q/R)* Pk ki L QIR — s 0

is a chain isomorphism and as the first complex is exact (by Lemma. 2.29) it
follows that the second is too. O

Example 2.31. Let V be a vector space and R C (Q C V subspaces. Define
K = R®Amn(Q) C E. Then Kt = Q ® Ann(R) and K is an isotropic
subspace. Moreover, E, =D (Q/R).

To study isotropic splittings for the extension (K /K, gr,p), the following
notion is fundamental.

Definition 2.32. We say that an isotropic splitting V : V' — FE is K-admissible
if ¢ (K) = R® Ann (Q), where ®y is the isomorphism (2.6).

Lemma 2.33. V: V — F is K-admissible if and only if V(R) C K. This is
equivalent to V(Q) C K.
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Proof. If V(R) C K, then V| provides a splitting for the exact sequence

0— Amn(Q) 2> K 2R —0
in which case K = V(R) @ Ann (Q). Applying ®v, one obtains that
Do (K) = o(V(R) & Am (Q)) = R & Ann (Q)

proving that V is K-admissible. On the other hand, if ®v(K) = R ® Ann (Q),
then restricting <I>§1 to R gives that V(R) C K. For the last statement, if V is
K-admissible, then

Oy(KH) = (Pv(K))" = (R®Am(Q))" = Q& Ann(R).

Hence, by restricting <I>§1 to @, one has that V(Q) Cc K*. Conversely, if
V(Q) C K+, then for every k € K and X € Q (see (2.5))

ixsv(k)) = g(k,VX) =0
which proves that sy (K) C Ann (Q) and therefore
Py (K) = (p(K),sv(K)) C R® Ann (Q).

The equality follows from dimension count (see Lemma 2.29). O

Any K-admissible splitting V induces an isotropic splitting V,. for E, given
by
V.qX)=VX+K, for X € Q. (2.30)

For the next proposition, let j : @ — V be the inclusion map.

Proposition 2.34. For two K-admissible splittings V' and V2, the two form
B € N2V* defined by (see Proposition 2.14)

vVi-vi=B

satisfies
ixj B =0, for every X € R.

The 2-form B, € N*(Q/R)* defined by ¢*B,. = j*B equals Vf{ — V}(,
Proof. Let X € R and Y € Q. Choose k+ € K+ such that p(kt) = Y. Then
by definition,
B(X,Y) = g(p*ixB, k") = g(V*X — VI X, k1).
As both V! and V? are K-admissible, by Lemma, 2.33, one has that

VX —-VX e K.
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Therefore g(VZX — V!X, k1) = 0 which proves the first claim. As for the second
claim, for Z € Q and k+ € K+

9i (D% iqy By, K+ + K) = B, (q(Y),q(p(k™))) = B(Y,p(k™")), by definition.

On the other hand,

9 (VZiq(Y) =V qY), k' +K) =g, (VY -V'Y + K,k + K)
g(V2Y — V1Y, kb

B(Y,p(k+)).

O

We will show later (see Corollary 4.35) that K-admissible splittings exist in
a more general context.

2.4 Quotient morphism as a composition of pull-
back and push-forward.

In this section we prove a result about the quotient morphism (2.27) which
together with Proposition 3.35 provides the linear algebra framework for the
main result of this thesis.

Let (E, g,p) be an extension of V, K an isotropic subspace and V: V — FE
be a K-admissible splitting (see (2.32)). We have proved in Proposition 2.30
that (K+/K,p,,g,) is an extension over Q/R , where Q = p(K*) and p,. and
g, were defined in (2.28) and (2.24) respectively. Also V induces an isotropic
splitting

Q K+

VKR TR

defined by (2.30).

Theorem 2.35. Let q: Q — Q/R be the quotient map and j : Q — V be the
inclusion. Under the isomorphism

byx by Ex (K°/K) — D (V) x D(Q/R)
the quotient morphism (see (2.27)) A, is sent to Ay o AY.
Proof. One may directly verify from the definitions that
(X,6,Y,n) € A\go A <= ¢"'n=j"¢, X €Qand ¢(X) =Y
Let kt € K. For (kt,k+ + K) € A,., one has

(PVX (PVK (kjla kl + K) = (P(k?l)»sv(k?l)apx (kL + K)7SVK (kjL + K))
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where sy (kt+ K) € (Q/R)* and sy(k*) € V* are defined by (2.5). First, we
have that p(kt) € Q and q(p(k+)) = p,. (k' + K) by definition. We claim that

q"sv, (k* + K) = j*sv (k1)
Indeed, by (2.5), for every X € @
i‘I(X)SVK (kL + K) = gK(kL + K7VK q(X)) = gx(kl + Kv VX + K)

= g(kt,VX)

= Z'st(kl).
This proves that

Pyx (I)VK (AK) C Aq o A;

As both have the same dimension, the equality holds. O

Remark 2.36. In general, if we start with a general isotropic splitting V : V' —
E, there exists B € A2V * such that V+ B is K-admissible. Call VE := (V+B) g
the induced isotropic splitting for K+/K. In this case,

(I)V X (DVE(AK) = Aq OAé— OA,,-_B.
Corollary 2.37. For any L C E Lagrangian subspace,

LNKt+K
(I)VK <K> = Aq OA§ (@V(L))

Example 2.38. Let V be a vector space and Q C V a subspace. Take K =
Ann (Q) C D(V), which is an isotropic subspace with p(K+) = Q and R =
p(K) = 0 (in this case ¢ : @ — Q/R is the identity map of Q). Any isotropic
splitting V for D (V) is trivially K-admissible, and the induced splitting V
for the extension Fx of @ is given by

1

K

For any Dirac structure L C D (V) on V,

LNK++K LNn(Q®VY)
K ~ LNAm(Q)

This is the restriction of L to @ as defined by T. Courant in [17]. In this case,
Corollary 2.37 gives that

v, (SHEES)) ~ e,

In the case V is the canonical splitting Vea, for D (V) (see Example 2.2), &y =
Id.
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Remark 2.39. Let (E,g,p) be a real extension of a real vector space V. Con-
sider the complex extension (F ® C,p ® id, gc) of V ® C (see Example 2.15).
Any isotropic subspace K of E induces an isotropic subspace of £ ® C given by
K¢ := K ® C, its orthogonal being Ké = K1+ ® C. Proposition 2.30 implies

that N
K, C
(Ki, (p ®id) k¢, (gC)KC) is an extension of gg@’
where Q = p(K+) and R = p(K) as usual. By identifying (K+®C)/(K®C) and
(Q®C)/(R®C) with (K+/K)®C and (Q/R) ®C respectively, it is not difficult
to see that (2.31) is the complexification of the real extension (K /K, px, gr),
ie.

(2.31)

(p®id)g. =pr ®@id and (g9c)x. = (9x)c-

Let V: V — E be a K-admissible isotropic splitting for E. Then V ® id :
V®C— FE®Cis Kc-admissible and

(V@id)[(c =Vg ®id

for the induced splitting Vg : Q/R — K= /K. Hence, the isomorphism

K+ *
Q(veid)k, Kii — Kg) ® <§) ] ®C

is just the C-linear extension of v, : K*/K — D (Q/R).
Let L € F ® C be a Lagrangian subspace and consider the Lagrangian
subspace of (K+/K) @ C given by
LNK# + Ke
Lred = -
Kc
Corollary 2.37 gives that
(I)VK ®id (Lred) = Aq®id o A;®id(q)v ®id (L)),

where j : @ — V is the inclusion, ¢ : @ — @Q/R is the quotient and j ® id and
q ® id are their respective C-linear extensions.
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Chapter 3

Spinors: Part 1.

In this chapter, we give another point of view to the constructions of Chapter
1. Given an extension (E,g,p) of a vector space V there is a correspondence
between its Lagrangian subspaces and some special elements of irreducible mod-
ules for the Clifford algebra CI(FE, g) called pure spinors. This correspondence
can be traced back to the work of Cartan [14] (see also [16]) and should be seen
as an analogue of the correspondence between Lagrangian submanifolds of the
cotangent bundle and generating functions ([27, 50]); this analogy will be de-
veloped in future work using super-geometry [22]. Given an isotropic subspace
K C E and a Lagrangian subspace L C E, we describe how pure spinors corre-
sponding to Li (see 2.37) can be obtained from pure spinors corresponding to
L. This construction can be generalized by substituting the quotient morphism
(2.27) by any morphism (in the sense of the split-quadratic category). We will
develop this more general approach in the Appendix A. The sources for the
classical results on spinors and Clifford algebras will be [16, 24, 40].

3.1 Clifford algebra

Let (E, g) be a quadratic vector space (see §2.1). Its Clifford algebra CI(E, g)
is the algebra generated by the elements of E subject to the relation

e1es + ezer = gle, ea). (3.1)

It can be alternatively defined as the quotient of the tensor algebra

T(E)=PE®---®E

i20 i times

by the ideal J generated by
e1®ex+exy®e; —gler,ea). (3.2)

The tensor algebra has a natural Z grading. Although the ideal generated
by (3.2) is not Z homogeneous, it is Zs homogeneous (for the underlying Zs

35
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grading). Therefore, the Clifford algebra inherits a Zy grading which we denote
by
CU(E,g) = Clo(E,g) ® CL(E, g),

where Clo(E,g) denotes the even part and Cly(FE,g) the odd part. It is a
Zo-graded algebra in the sense that

Cli(E, 9)Cl;i(E, g) C Cliyj(E, g),
where the sum is modulo 2.

Remark 3.1. For a real quadratic vector space (E, g), consider its complexifi-
cation F ® C together with the C-bilinear extension g¢ of g. Then (E ® C, g¢)
is a complex quadratic vector space and

CI(E®C,gc)=CIl(E,g9)®C.

This follows from the identification T(E ® C) = T(E) ® C together with the
fact that ideal generated by

(e1+iex) ®(es+ieq) — (es+ies) ®(e1 +ies) —geler +iea,e3+iey)

for e1,...,eq € E is equal to I3 ® C, where J C T(E) is the ideal generated by
(3.2). See [16] for more details.

Besides the Zo grading, the Clifford algebra CI(E, g) also inherits from the
tensor algebra a universal property (for a proof see [16]): If A is an associative
algebra with unit and f: F — A is a vector-space homomorphism such that

fle1) - fle2) + fle2) - fe1) = g(e1,e2)1a,

then f admits a unique extension to an algebra homomorphism CI(f) making
the diagram below commutative:

CI(E,9g)
/ lcz( D)
R Ry
We shall refer to this property as the universal property of the Clifford algebra.

Example 3.2. Let
O(E,g) ={A € GL(E) | A"g = g}

be the symmetry group of (E, g). For A € O(E, g), the composition (which we
continue to call A)

E- E < CUE,q)
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satisfies for ej, e € FE
A(er)A(e2) + A(e2)A(e1) = g(A(er), Alez)) = gler, e2).

Therefore, there is an extension Cl(A) : CI(E,g) — CI(E,g) to an algebra
homomorphism. Doing the same with A~! and by uniqueness we get that
Cl(A) is an automorphism. Also, for A;, As € O(E, g), by uniqueness

Cl(A1A5) = Cl(A1)Cl(A).
In this way, we get an representation
p:O(E, g) — Aut(Cl(E, g)). (3.3)

Example 3.3. The map o : E — E defined by o(e) = —e belongs to O(FE, g).
Let Cl(o) : CI(E,g) — CI(E, g) be its corresponding automorphism. It is easy
to see that Cl(0)|ciy(E,¢) = Id and Cl(0)|ci, (g, 4 = —Id. For simplicity, we
denote Cl(o)(a) by a’ for a € CI(E, g). It is fairly easy to check that (a”)? = a.

Let C1*(E, g) be the the group of invertible elements of CI(E, g) and define
the Clifford group

I'={acCIl*(E,g)|a’eca t € EVec E}.

ForaeT
—a%ea” = (a"ea™)7 = —ae(a”) 7!,
which implies that a” € " and
a’ea”t = ae(a”)!
Thus, for e1,e0 € E
g(aera™t a%za7) = (aera ) (aeqa™t) + (a%eza™t)(a%er1a™t)
= ae(a®) ta%ea! +aex(a’) taejat
= a(ejez + ezer)a?t
= gle1,e2).

Thus A = a°(-)a=! € O(E,g) and moreover CI(A)(-) = a° -a~! (if a €
Cly(E, g), CI(A) is inner).

It can be proved (see e.g. [40]) that the Clifford group of a quadratic vector
space (FE, g) fits into an exact sequence of groups

0—F —T— O(E,g) — 0.

For a € CI*(E,g), a € I if and only if a is a product e; - - - e of elements of E
with g(e;, e;) # 0. To obtain a double cover of O(F, g), one has to normalize the
els. To do this, we first have to define the main antiautomorphism of CI(FE, g).
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The tensor algebra T'(E) has a canonical anti-automorphism given in homo-
geneous elements by e1 ®- - -®Qe, — €,®---®e1, which preserves the ideal gener-
ated by (3.2) and thus descends to CI(E, g), giving rise to an anti-automorphism
which takes homogeneous elements h = ey ---e, € CI(E, g) to

ht=e,---e;. (3.4)
Now,
Pin(E)={a €T | a'a = +1}
is a double cover of O(FE, g) and
Spin(E) = Pin(E) N Cly(E, g)
is a double cover SO(E, g).

Example 3.4. Consider a split-quadratic vector space (E,g) (see 2.11). Let
L’ C FE be a Lagrangian subspace of E. The subalgebra of CI(E,g) generated
by L’ is isomorphic to the exterior algebra A®L’ because of the defining relations
(3.1). Let B € A2L’ and consider

1
B n :
= —B" (finite s .
e ngon (finite sum)

We shall see that e? € Spin(E, g). Let L be a Lagrangian complement (it exists
by Corollary 2.8). Using the non-degerate pairing g, every element of x € L
defines a left derivation D9 (z) of degree -1 on A®L’ acting on generators y € L’
by

Di(x)y = g(z,y).

Using the relation (3.1), one has that for z € L
zeP = DI(x)eP + ePa = (DI(z)B)e? + ePu.
As e® has even degree, (D9(z)B)e? = eZ(D?(x)B) and thus
e PreP = DI(2)B + .

Also, for y € L'
e_ByeB = ye_BeB =y.

Therefore, for a general element of F,e=x+y e L& L/,
e Prty)e’ =a+y+Di(x)y
so that e® € T'. As it is even and (ef)'e? = e BeP =1, P € Spin(E, g).

Remark 3.5. We would like to point out a particular instance of this construc-
tion. Let E = V @& V* for some vector space V and g = gean (see Example
2.2). Consider L =V and L' = V*; in this case, the derivation DY(-) is just the
interior product and the map e~ Z(-)e? is the B-field transformation 7 given
by (2.9).
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3.1.1 Clifford modules for split-quadratic vector spaces.
Let (E,g) be a split-quadratic vector space.

Definition 3.6. A Clifford module for (E,g) is a vector space S together
with an algebra homomorphism

p:CIl(E,g) — End (S5).

It is called irreducible if there is no proper subspace S of S such that p(a) leaves
S invariant for every a € CI(E). It is called faithful if p(a) = 0 implies a = 0.

A polarization of F is an ordered pair | = (L, L’) of Lagrangian subspaces
such that E = L& L’ (it always exists by Corollary 2.8). We study a class of
irreducible Clifford modules for (E, g) parametrized by polarizations of E.

Example 3.7. For (V @ V*, gcan) (see Example 2.2), the pair (V,V*) is a
polarization called the canonical polarization. Its opposite polarization is
(V* V).

Let | = (L, L’) be a polarization of E. Choose a basis {e1,--- ,e,} of L and
let {e', -+ ,e"} be the basis of L’ which satisfies g(e;,e’) = §7. Recall that as
L’ is isotropic, the subalgebra of Cl(FE, g) generated by L’ is isomorphic to A*L’.

Lemma 3.8. CI(E,g) = A°L' (L), where (L) is the left ideal generated by L.

Proof. Any element a € CI(F) can be written as a sum of products of
e1,...,en,el, ... e". Products which involve only elements e!,...,e" are in
A®L’. In any product which has e,’s as factors, one can use relations (3.1) to
substitute it for a sum of products where the e, ’s only appear in the right end

and thus are in the ideal (L). For example,

e"esee” =6e"es —eegetey.

This completes the proof. O
Define
I,: CU(E,g) — End(A°L)
a — pryep(a-): AL — AL (3.5)

B = pryep(ah)

where pr .., is the projection onto A®*L’ relative to the decomposition given by
the Lemma 3.8.

Proposition 3.9 ([16]). II; is an irreducible and faithful representation of
CIl(E,qg).

Proof. Let ay,a5 € Cl(E,g) and § € A°L’.

(a1a2)B = ai(azf) = a1(prpep (azf) + prg)(azp))
= a1 (I(a2)B) + a1 prpy(a2B).
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As (L) is a left ideal, it follows that aq pr py(a28) € (L). Therefore,

Mi(a1a2)B = praep:((a1a2)B3) = prpe (a1 (i(az)B)) = (a1 (az)B.

It is clear that II;(1) = Id and thus II; is a representation.

Let us prove that it is irreducible. Let 0 # 3 € A®*L’. Choose the biggest k
such that there exists I = {iy < --- <ix} C {1,--- ,n} with the coordinate of
3 corresponding to e! different from zero. Then, using relations (3.1) and the

fact that g(e;, e?) = d;;, one has that

ei, €, 3= c+ B3, where § € (L) and ¢ € F\{0}.

1
11 <C€ik "'%) p=1

and hence, for any o € A°L/,

1
11 <Oé€ik"'€i1>ﬁ=04,
c

Therefore,

which proves that
IL(CUE, g)) = A°L
for any 0 # 8 € A®L’. This is clearly equivalent to irreducibility.

As for faithfulness, let @ € CI(F) and a = a1 + a2 € A°L' @ (L) be its
decomposition according to Lemma 3.8. If a; # 0, then II;(a)l = a1 # 0. If

a1 = 0, write
az = > ahre, e,

{ir<<ip {1, ;n}

with ail'“i"‘_e A®L'. Take the smallest k such that a % £ 0 and let § =
e A -+ Ae". Using relations (3.1)

a26 — ail...ik 4 <L>

and therefore
0 (az)B = a’* 0.

Thus II(a) # 0 for every a € CI(E).
O

A word about notation. From now on, we will denote the ordered set {i <
i+ 1< --- < j} by the interval notation [i,j]; by (i, 7] we mean the ordered
set {i+1,---,j}. Also, all subsets I of intervals are supposed to be ordered
from the smallest element to the largest unless otherwise stated. We denote the
cardinality of I by |I|; its j-th element by 4, and for j € [1,|I|], I; is I — {i;}.



3.1. CLIFFORD ALGEBRA 41

Remark 3.10. For any polarization | = (L, L’) of a real quadratic vector space
(E, g), one has that (L ®C, L’ ® C) is a polarization of (E® C, g¢). Proposition
3.9 gives that

AN (L' ®@C)=ANL®C

is a Clifford module for (F ® C, g¢).

Using relations (3.1), one can find explicit formulas for IT;. Let a = el €
AL',I C[l,n] and x € L,

k
za =3 (=1 g(a, e )els + (~1)Faa.
j=1

As ax € (L), this implies that (see Example 3.4)

k
I () = Z(—l)ng(aﬂ, e'i)eli = DI (z)a. (3.6)

Jj=1

Similarly, for y € L/,
IL(y)a =y Aa. (3.7

It is a trivial but important observation that if [ = (L, L’) is a polarization
of (E,g) then so is Iy = (L', L). Note that the resulting representation II;, :
CI(E,g) — End (A*L) exchanges the roles of L and L', that is

II,(z)=xA-, forzeL

and
M, (y) = DY(y), fory e L',

Example 3.11. Let (E, g, p) be an extension of a vector space V and consider
the Clifford algebra CI(E,g). Every isotropic splitting V : V' — E induces a
polarization (VV,V*) (we have identified V* with p*(V*)) which turns A*V*
into a module for CI(E, g). Let

Iy : CI(E,g) — End (A*V™)
be the representation. For an element e € F/, we have
Iy (e) = ipee) + svle) A- (3.8)
where sy (e) € A*V* is the element given by (2.5).

A particular instance of Example 3.11 is when E = D (V) for some vector
space V. In this case, we denote the representation Iy : Cl(V & V*, gean) —
A*V* obtained from the canonical splitting simply by II. From (3.8),

(X +&) =ix +EA-, for X +E€ VOV
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~

The representation on A®*V obtained by switching V* with V is denoted by II
and given by

DX +&=XA-+ic, for X+EeVaV:

For E an extension over V and V an isotropic splitting, we have the important
relation:

My (e) = (p(e) + sv(e)) = (@ (e)), for ¢ € E, (3.9)
where ®y is the isomorphism (2.6).
Example 3.12. Let (F, g,p) be a real extension of a real vector space V and
consider its complexification (F ® C,p ® id, gc) (see Example 2.15). Let V :
V — FE be an isotropic splitting and consider V®id : V@ C — F® C. Its
image is just (VV) ® C which together with p*(V*) ® C gives a polarization of
E ® C. By identifying p*(V*) with V* one has that

ANV RC)=AV"®C
is a module for CI(F ® C, gc) = CIl(E, g) ® C. The representation
Mygia: CU(E,g) @ C — End (A*V* ® C)
is just the C-linear extension of the representation Ily : CI(E, g) — End (A*V*)
constructed in Example 3.11 after identifying
End (A°*V* @ C) = End (A°*V*) @ C.

Example 3.13. Let (E, g) be a split-quadratic vector space. It is clear that if
I =(L,L") is a polarization for (F,g), then [ is also a polarization for (E, —g).
We denote the representation of Cl(E, —g) associated with [ by II,”. For z+y €
Lo L,

I (z +y)a=—-D(z)a+yA«,
where o € A°L'.

Example 3.14. Let (E;, g;) be a split-quadratic vector space and let I; =
(L;, L}) be a polarization of E; for i = 1,2. Then (E = Ey X Fa,g = g1+ ¢2) is
a split-quadratic vector space and 1 x ly = (L1 X Lo, L} x L}) is a polarization
of E. Using Proposition 3.9, one gets a representation

I, xi, : CI(E) — End (A® (L] x L})).

If e; € Ey and ey € FEy, then g(e1, ea) = g(ea, e1) = 0. Therefore, using relation
(3.1), CI(F) = Cl(Ey) ® Cl(E3) as vector spaces. It is straightforward to prove
(again using (3.1)) that for aj,b; € CI(E;) and ag, by € CI(E,),

(a1 ® az)(by @ by) = (=1)1%2lP2lg1 by @ agb,. (3.10)

Under this isomorphism, the subalgebra A® (L} x L}) is taken to A®*L}] @ A®L).
One can check that for a; € Cl(E1, ¢1), as € Cl(E2, g2) and a®S € A*Li@A° L5,

Hllxl2(a1 [ ag)Oé [ ﬂ = (71)|a2||a\1'[ll (al)oz X Hb(dg)ﬁ.

We will see in the next paragraph that all these representations induced by
polarizations of (E, g) are isomorphic.
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3.1.2 Pure spinors.

Let (E,g) be a split-quadratic vector space and [ = (L,L’) be an arbitrary
polarization of E. We now proceed to study special elements of the module
A®L’ called pure spinors. For any non-zero element ¢ € A®*L’, define

Ni(p) ={e € E:Ili(e)p = 0}.
Let e1,eq € Ni(p), from (3.1),
gle1, e2) ¢ = [i(e1)(e2) + Mi(e2)i(e1)] ¢ = 0.
Therefore, Nj(¢) is an isotropic subspace of E.

Definition 3.15 ([16]). ¢ € A*L’ is said to be a pure spinor if Ni(p) is
Lagrangian.

It is clear that if ¢ is a pure spinor, then any element of Fy is also a pure
spinor.

Example 3.16. Let S C L. Define L” = L'NS+ @S, which is a Lagrangian sub-
space of E (compare with (2.26) and note that S is isotropic). Let {e1, -+ ,e,}
be a basis of L such that {es;1, - , e, } generates S and let {e',--- €™} be the
basis of L’ such that g(e;,e?) = 67; St N L’ is generated by {e!,--- ,e*}. Let

p=e'N---Nef e AL,

We claim that AMj(p) = L”. Indeed, for e € E, let e = x+y € L& L’ be its
decomposition, then

DI(x)p=0

_ Y
0=1IL(e)p=D (x)goer/\ga@{ YA =0,

because DI (z)p has degree s—1 and y A has degree s+1. The second equation
holds if and only if y € S+ N L' and the first holds (see formula (3.6)) if and
only if z € LN (S+ N L)+ = S. This proves our claim.

The next lemma is a useful tool to find pure spinors.

Lemma 3.17 ([16]). Let A € O(FE,g) be an orthogonal transformation and let
a € T (the Clifford group) be such that a®(-)a=t = A(-). Then for any p € A°L’,

Ni(Miy(a)p) = ANi(g))-
Proof. For e € F,
()1 (a)p = I (a”)IL((a™")%ea)p = I (a”)IL (AT (e))p

and as I1;(a%) is invertible one has that e € N;(II;(a)y) if and only if A=1(e) €
Ni(¢) as we wanted to show. O
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A particularly useful application of the Lemma 3.17 is the following: if
@ € A®L' is a pure spinor and B € A2L/, then e~B € Spin(E) (see Example
3.4) and e"B A ¢ is a pure spinor whose annihilator is e BN (p)e®. In the
case (V @& V™ gean) and | = (V,V*) is the canonical polarization, we saw (see
Remarks 2.19 and 3.5) that any Lagrangian subspace of V@& V™* can be obtained
as

75(S @ Ann (S)) = e (S @ Ann (S))e?

for some B € A2V* and S C V uniquely determined by the Lagrangian sub-
space. It is a simple matter to adapt it to a general split-quadratic vector space
(E,g). Forl = (L,L'") an arbitrary polarization of E and L” a Lagrangian
subspace, let S C L be the projection of L” on L and B € A2L’ be a two form
extending wg € A2S* (compare with (2.11)) defined by

ws(z1,22) = g(y1,z2) where y; € L is such that z; +y; € L” (3.11)

(we implicitly identify L’ with L* via g in this construction). Then,
L'"=eB(Sa(StnL))eP. (3.12)
Proposition 3.18 ([16]). Let | = (L,L’) be an arbitrary polarization of E and

L be a Lagrangian subspace of E. Let S C L be its projection and B € A2L’ a
2-form extending ws (see 3.11). Then, for any 2 € det(Ann (S)) C AL/,

p=ePAQ (3.13)
18 a pure spinor such that
Ni(p) =L".
Moreover,
UNL"):={0 € AL :T;(e)d =0, Ve € L'} =Ty (3.14)

Proof. Once we have (3.12), the expression (3.13) for a pure spinor correspond-
ing to L” is a direct application of Example 3.16 and Lemma 3.17 . It remains
to show the last assertion. Note that if & € U!(L") then, by Lemma 3.17, eZ A0
is a pure spinor for S @ (St N L'). Now, let {e!,--- ,e"} be a basis of L’ such
that {e!,---,e*} generates Ann (S). Then

eBag= Z arel, ar €F,
Ic{1,,n}

and it satisfies
ic, (eP N O) =0, for j > s

NP NG =0, forj<s

Now the first set of equations implies that ay = 0 if I ¢ {1,---,s} and the
second set of equations implies that e A0 = a[l’s]ell’s] and therefore 8 € Fp. O
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In the following, for the canonical polarization Iy = (V,V*) of V@ V* and
its opposite lo = (V*, V) we will denote N, (+) (resp. Ul (+)) and Nj,(+) (resp.
U'z(.)) simply by N(-)(resp. U(-)) and N(-)(resp. U(-)) respectively.

Example 3.19. For B € A?V*, Lemma 3.17 gives that
NEeB)y=eBNQ)e? =m5(V) = {(X,ixB) | X € V}.
Example 3.20. Similarly, for 7 € A2V, one has
N(e™™) = Graph (m) = {(7*(¢),€) | £ € V"}

The next example fits into the more general construction of Example 3.16. It
is the prototype of an important construction given in Chapter 3 (see Definition
4.9).

Example 3.21. Let V be a real vector space with dim(V) = 2n and let J : V —
V be a complex structure on V (i.e. J? = —id). Consider the +i-eigenspace
Vo, 1 of the C-linear extension J : V@ C — V ® C and the Lagrangian subspace

L=Vo 1@ A (Vo) =Vo10VH0
of (V@ V*)®C. Using the polarization (V ® C,V* ® C), one has that
A V*®C
is a Clifford module for (V @ V*) ® C, (gcan)c). By Example 3.16,
U(L) = A"VE0 = Am 0y
is the pure spinor line corresponding to L.

Remark 3.22. Let (E,g,p) be an extension of a vector space V' and consider
an isotropic splitting V : V. — E. In Example 3.11, we have associated a
representation Iy of CI(E, g) on A®*V* to this data. Let L C E be a Lagrangian
subspace of E and ¢ € A*V™ such that

Nv(p) :={e€ E |Ily(e)p =0} = L.
Now, formula (3.9) implies that
N(p) = 2v(Nv(p)) = 2w (L) (3.15)
and therefore
UV(L)={0 e AV* | TIy(e)d =0,Ve € L} = U(DPy (L)) C A"V*.

One of the applications of pure spinors in the context of Clifford modules
is to relate Clifford modules arising from different polarizations. This will be
extremely important for example to relate the modules arising from different
isotropic splittings of an arbitrary extension. Let I; = (L;, L}) be an arbitrary
polarization of E for i = 1,2. Take ¢ € U'2(L;) C A®L} to be any pure spinor
whose annihilator is L.
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Proposition 3.23. The map

F,: ALy — AL

g — 1L, (B)e (3.16)

satisfies
Fi,1, 011y, (a) =11, (a) o Fy1,.
for every a € CI(E).

Proof. Take ¢ € U'2(L;) and define

F: CUE) — A°Lj
a — 11, (a)p.

As II;, is irreducible, the map is surjective and its kernel is the left ideal (L)
generated by L. By Lemma 3.8, it defines an isomorphism

Fri, : A°Ly — AL,
For a € CI(E) and 8 € A°L]
1T, (a)EIZZ (ﬁ) =11, (a)le (ﬁ)(ﬁ =1I, (a’ﬁ)@ = F(a’ﬁ)

Finally, one has that af — IIj, (a)3 € (L1) by definition of the representation
(see Proposition 3.5). Therefore

F(aB) = F(IL, (a)B) = Fi,1, (I, (a)8)
This finishes the proof. O

Example 3.24. Let E =V @ V* |} = (V,V*) and I3 = (V*,V). Any 0 #
v € det(V) is a pure spinor for which N;,(v) = V. In this case, we denote
Fi 1, : A°V* — A®V by the Hodge star symbol x. For a € A*V*

*Q = Qg (3.17)
where we have extended the interior product to A*V* by the formula
Z'a/\,@ = ia 9 ig.

Example 3.25. Let (E, g,p) be an extension of a vector space V. In Example
3.11, we saw how an isotropic splitting V induces a polarization of (E, g) and
gives a representation IIy of CI(E,g) on A*V*. Let B € A2V* and consider
the representation Iy . We shall use Proposition 3.23 to relate the Clifford
modules induced from (VV,V*) and ((V + B)V,V*). To do that, it suffices to
find ¢ € A®V* such that

Nyip(p) =VV = (I)gl(V).
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Equivalently, by (3.15), ¢ has to satisfy
N(p) = @vi5Nv+5(p) = yv1p(25 (V).
But as ®yp =7_p o Pp by (2.10), ¢ has to fulfill
N(g) = 7_p(V) = Graph (B).

Now, Example 3.19 gives that
p=e’

Therefore, Proposition 3.23 guarantees that

Fp: ANV —  A°VH
a +— Iyipla)e?
intertwines Iy with Iy g, that is
IIyip(a) o Fp = Fpolly(a), Va € CI(E, g). (3.18)

To finish this example, just observe that as V* C E acts on A*V* by exterior
multiplication, one has that

Fpla)=ane® =P ra.

Example 3.26. Let m € A2V be a bivector and consider its graph (see Example
2.17)
L = Graph (%) c Ve V™.

Using Examples 3.20 and 3.24, one can find a generator ¢ € U(L) once a volume
element v € A'PV* is chosen:

o0

1" 1

@:*67”:5 ( )iﬂnyzufiﬁl/JrfiﬂzVJr....
= n! 2

Parity. By Proposition 3.18, any pure spinor is a Z, homogeneous form. It
is an even or odd form depending on dim(S+ N L’). This property relates
to a simple topological aspect of the space of Lagrangians of E: it has two
connected components (see [40]). A pure spinor ¢ € A®L’ has even exterior
degree if and only if Nj(¢) is in the connected component of L. Note that if
there is A € O(F, g) such that A(L) = N;(¢), then by Lemma 3.17 ¢ = II;(a)1
for a € T (the Clifford group) with a°(-)a=! = A(-). In this case, ¢ is even or
odd depending on whether a € Cly(E) or Cly(E) respectively, or equivalently,
det(A) = 1 or —1 respectively. As we shall show (see Proposition 3.27), such
A always exists. We denote the Zs degree of ¢ by |p|. Henceforth, in every
formula where | - | appears, it is assumed that the elements involved are Zs
homogeneous.

Proposition 3.27 ([40]). O(FE,g) acts transitively on the space of Lagrangian
subspaces of E.
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Proof. Let | = (L,L') be a polarization of F and let L” be any Lagrangian.
We have already shown that L = e~ 5(S @ (St N L'))e? for some S C L and
B € A2L’ (see the discussion before Proposition 3.18) so that it is sufficient to
take L =S @ (St NL') as e B(-)ef € O(E,g). Choose a basis {e1, - ,e,} of
L such that {es11, - ,e,} spans S, where s = dim(Ann (5)). Let {e',---,e"}
be the basis of L’ such that g(e;,e’) = §7. Take fi : L — L to be the projection
onto S; w: L — L' by

wies) = et, ifi<s
Y10, ifi>s;

and 7: L' — L by

ﬂ'(ei)— e;, ifi<s
10, ifi>s.

Using the decomposition F = L& L’ to write elements of GL(F) in matrix form,

define ;
_ 1
a=(1 7 )

where fo : L' — L' is uniquely defined by g(fa(e?),e;) = g(e’, fi(e;)) (or equiv-
alently, the projection onto the subspace generated by {e**!, ... em}). It is
straightforward to check that A € O(E, g) and takes L to S@ (St nL'). O

Actually, one has a stronger result:

Proposition 3.28 ([40]). O(E, g) acts transitively on the space of polarizations
of E.

Proof. Let l; = (L;,L}) be an arbitrary polarization for i = 1,2. We will
prove that there exists A € O(FE,g) such that Iy = (A(L2), A(L})). Indeed,
by the Proposition 3.27, there exists A; € O(E,g) such that A;(Ly) = L.
Let L” = A;(Ly). It is clear that L” N L} = 0, so that there exists a map
B : L; — L such that L” = Graph (B) (compare with Example 2.6). As L”
is Lagrangian,

0 = g(e1 + Bey,ea + Bes) = g(Bey, ea) + g(e1, Bea);
so that B defines an element of AL} by
B(ey,e2) = g(Bey,es) for ey, es € Ly.

Identifying L' with L’ via g, consider Ay = eB(-)e™8 € O(E,g) (see Example
3.4). Tt satisfies Ay(L}) = L’ and A3(L"”) = Ly. Therefore A = A5 o0 A; satisfies
Iy = (A(L2), A(L5)) as we wanted to show. O

Remark 3.29. For any two polarizations Iy = (Li,L}) and ls = (Ls, L)),
the map Fj,;, : A*L} — A°®LL of Proposition 3.23 preserves the Zy degree
depending on the parity of the elements of the pure spinor line U'2(L;) C A®L}.
It preserves parity if and only if U'2(L;) has a generator of even degree which
corresponds to Ly and Ly being in the same connected component.
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For an extension (FE,g,p) of a vector space V, any isotropic splitting V
induces a representation Iy : CI(E, g) — End (A*V*). As we saw in Example
3.25, for a 2-form B € A2V* the representations Iy 4+ p and Iy are intertwined
by Fp(a) = eB Aa, for a € A®V*. As eP is even, Fp is parity preserving and
therefore the decomposition

ieven i odd

independs of the splitting V. This is due to the fact that the whole set
{V(V) | V is an isotropic splitting }

is contained in the same component. The parity of a pure spinor ¢ € A®*V* in
the representation space corresponding to some V is even if and only if Ny (¢)
is in this component.

For an endomorphism A : A*V* — A®V* we say that A is even if it preserves
the decomposition (3.19) and odd if A sends the odd forms to even forms and
vice-versa. The Zs degree of A is denoted by |A| and it is 0 if A is even and 1
if it is odd. This defines a decomposition

End (A*V*) = Endo(A®V*) & End; (A°V*)

and
Endi(/\'V*)Endj(/VV*) - Endiﬂ-(/\’V*) for Z,j S Z2

for the composition of endomorphisms. In this way, End (A*V*) is a Zs-algebra.
If Ty is the representation of CI(E, g) corresponding to some isotropic split-
ting V, then for an Zs homogeneous element a € CI(FE, g), one has that

Iy (a) is even , if a is even;
IIy(a) is odd ,  if a is odd.

Therefore, Iy : CI(F,g) — End (A*V*) is an isomorphism of Zs-graded alge-
bras.
The supercommutator of two homogeneous elements Ay, Ay € End (A*V*)
is given by
[A1, Ag] = A1 Ay — (—1)Al1421 454, (3.20)

3.2 Pull-back and push-forward of spinors.

In §3.1, we saw Lagrangian subspaces of a split-quadratic vector space corre-
spond to pure spinors. In this section, we shall go a little further to investigate
how this correspondence behave under pull-back and push-forward morphisms.
We are mostly interested in seeing how the pure spinor of a Lagrangian subspace
is transformed under the reduction procedure developed in §2.3 (see Theorem
3.35 below). This is part of a story that will be further developed in Appendix
A.
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3.2.1 Main theorem at the linear algebra level.

Let us start with a construction for isomorphisms. Let (E1, g1) and (Fs, g2) bw
two split-quadratic vector spaces and F : (E1, g1) — (FEa2, g2) be an isomorphism.
By the universal property of Clifford algebras, we have an induced isomorphism
of Clifford algebras:

CIU(F) : Cl(E1, g1) — Cl(Es, g2).

Let I; = (L1, L)) be a polarization of F; and consider the induced polarization
ly = (Lo, L}) with Ly = F(Ly) and L, = F(L}). Tt is immediate to check that
CI(F) preserves the decompositions given by Proposition 3.8. Thus, we have
an isomorphism

T := CI(F)|per; : ALy — N° Ly

which sends v1 A -+ Avg to F(v1) A--+ A F(ug) for v; € Li, i =1,...,k which
satisfies:
Tollj (er) =1I;,(F(e1)) o T, for e; € Ej. (3.21)

Therefore, we have that for any pure spinor ¢ € A*L],
F(NL (9) = Ny (T ().

What we shall do for push-forward and pull-back morphisms can be seen as
an extension of this construction. In these cases, one cannot expect to have
isomorphisms between Clifford modules and the problem of finding conditions
to determine when the maps constructed are zero will be essential.

The case of pull-back morphisms was treated in the paper [1]. We recall
their result here. Let V, W be vector spaces. For f: V — W a homomorphism,
let A% (see (2.23)) be the pull-back morphism.

Although A} is not the graph of an isomorphism, we have an analog of
formula (3.21) in this case. For any linear map F : W & W* — V @& V* such
that Graph (F) C A%, one has

(X +&)f e = [(II(F(X +¢))¢),
for p € A*V* and X + & € W @ W*. This follows from the formula
ixffe+ A fro=flirxyp+nAe). (3.22)

This is sufficient to have a relation between pure spinors of a Lagrangian L C
W @& W* and A%(L):

Proposition 3.30. (A.B.M. [1]) Let L C W & W* be a Lagrangian subspace.
If p € N*W* is a pure spinor such that N'(¢) = L , then f*o € A*V* is a pure
spinor for ClU(V @ V*, gean) as long as it is non-zero. In this case,

N(f*e) = Ay(L).
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Proof. For X +& € V @ V*, by definition, X + & € A}(L) if and only if £ = f*n
for some 7 € W* and f(X) +n € L. Assume that f*p # 0. If X + & € A%(L),
then

ix [T+ SN o= [ligx)p) + [T mAe) = fligxyp+nAe)=0.

This proves that A%(L) C N'(f*¢). But A}(L) is maximal isotropic (by Propo-
sition 2.22), so the equality holds. O

The problem now is to determine when f*p # 0 for a pure spinor .

Proposition 3.31. (A.B.M. [1]) For a pure spinor ¢ € A*V*, f*o # 0 if and
only if N(p) Nker(f*) = 0.

Proof. We recall the formula for ¢ given (3.13). By associating to N(y) the
pair (wg, S) given by (2.13), one has that

o=e"B el

where {el,--- e°} is a basis of Ann (S) = N(p) N V* and B € A>V* extends
wg. Now,

f*(,Oze_f Bf*el/\---/\f*es =0
if and only if {f*el, .-+, f*e®} is a linearly dependent set. But the last condition
is clearly equivalent to Ann (S) Nker(f*) # 0 as we wanted to show. O

We now prove similar propositions for the push-forward morphism. In this
case, we have to work with the polarizations (V*, V) and (W*, W). Recall that

fe i AV — AW
is the natural extension of f : V' — W as an exterior algebra homomorphism.

Proposition 3.32. Let L C V@& V™ be a Lagrangian subspace and let X € \*V
be a pure spinor for CU(V & V*, gean) such that N(X) = L. Then, if f.(X) #0,
it is a pure spinor for CLIW @ W*, gean). Moreover,

N(f(x) = Ag(L).

Proof. For X+¢& € Wa W™, by definition X+ € Ay(L) if and only if X = f(Y)
for some Y € V and Y + f*¢ € L. Assume that f.(X) # 0. If X +¢ € A%(L),
then

(X 4E) fo(X) = XAf Xt fu(X) = fF(V)AX+FuligecX) = (Y AX+igecX) = 0.

This proves that Ay(L) C N(f.%). But A 7(L) is maximal isotropic ( by Propo-
sition 2.22), so the equality holds. O

Proposition 3.33. For a pure spinor X € A*V, f.(X) # 0 if and only if

~

N(X)Nker (f) =0.



52 CHAPTER 3. SPINORS: PART L

Proof. We use again the representation of X given by (3.13). It is
X=e¢BAn €[1,s]
for some B € A2V and {ey,...,e,} is a basis of N(X)NV. Again,

fule™Pepg) =e Bl fler) Ao A fles) =0
if and only if {f(e1),..., f(es)} is linearly dependent which is equivalent to
ker (f) NN(X) NV = ker (f) NN(X) #0
O

Comparing Propositions 3.30 and 3.32, it is worth noting the difference be-
tween the polarizations used in the pull-back and push-forward cases. When
composing pull-back with push-forward morphisms (e.g. the quotient mor-
phism) it will be crucial to uniformize the polarizations in question. We will
choose to work with canonical polarizations and their corresponding modules.
Thus, it will be important to understand the push-forward transform in this
setting.

Lemma 3.34. Let vy € det(V) and vy € det(W™*) and consider the correspond-
ing maps (see (3.17))

*1 AVF — AV and %o : AW — AW*.
If o € N*V* is a pure spinor, then
0 := x5 fu(k10) € AW (3.23)

is not zero if and only if N(p) Nker (f) = 0. In this case, it is a pure spinor
and moreover

N(0) = As(N(#))-

Proof. As %1 is a Clifford module isomorphism, it follows that x;¢ € A®V is
a pure spinor with respect to the action induced by the polarization (V*,V).
Moreover,

~

N(ap) = N(g).

Therefore, Propositions 3.32 and 3.33 give that f.(x1¢) # 0 if and only if
N(p) Nker (f) =0, and in this case

N(fo(x10)) = A (N ().

Using once more that x5 is a Clifford module isomorphism gives that

N(x2fi(x19)) = N(fo(x10)) = Ap(N ().
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Let now (E, g,p) be an extension of V and K C E be an isotropic subspace.
Consider L C E a Lagrangian subspace. We are now ready to relate pure spinors
corresponding to L to those corresponding to (L N K+ + K)/K. First choose
a K-admissible isotropic splitting V for E and consider the induced isotropic
splitting Vg of K+ /K (see 2.30). These splittings induce representations

1 *
Iy : CI(E,g9) — End (A*V*) and Iy, : Cl (I;, gK> — End </\‘ (g) ) ,

where Q = p(K*) and R = p(K). Note that the problem is equivalent to finding
v € A*(Q/R)* such that

N(p) = Mg o Aj(Pv(L)).
Indeed, by Corollary 2.37 and Equation (3.15),

_LNK++K

Nec(9) = DL N () -

Theorem 3.35. Let j : Q — V be the inclusion map and q : Q@ — Q/R the
quotient map. Choose v € det(Q*) and vy € det(Q/R) and let x1, x2 be the
corresponding maps. If ¢ € A*V™* s a pure spinor, then

%9 0 qr 0 %1 (5% @) € N® (g) (3.24)

is not zero if and only if N(¢) N (R® Ann (Q)) = 0. In this case, it is a pure
spinor for Ag o AL(N ().

Proof. We already know from Proposition 3.30 and 3.31 that j*¢ # 0 if and
only if N'(¢) N Ann (Q) = 0 and that in this case N'(j*¢) = A5 (N (). Suppose
that this is the case. For X + £ € Q & Q*,

X+EeNG'o)NR < dIneV* st g'n=¢(=0and j(X)+n e N(p)
<= dneV*st j(X)+neN(p)N(R® Ann(Q))
and ¢*n = €.

Thus
N(p)N(R& A (Q)) =0 <= N(j"p) N R =0 <= x2f.(x1j"¢) # 0.

where the last implication follows by Lemma 3.34. Again, by Lemma 3.34, if
*2 fx(*15"p) # 0, then

N (2 fu(x1570)) = AN (57)) = Ag(AF(N (9)) = Ag 0 AG(N ().
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Remark 3.36. Recall that, for a K-admissible splitting V,
Oy (K)=R&Amn (Q).

Thus, the condition
N(p)N (RS A (Q)) =0

is equivalent to

Ny (p)NK =0.

Remark 3.37. The map
C: det(Q) x det (Q/R)*) — End (A*Q*,A*(Q/R)")

(v1,10) F—> %9 O (y O %q.
is bilinear and therefore induces a linear map
C : det(Q) @ det ((Q/R)*) — End (A*Q*, A* (Q/R)) .
There is an isomorphism between det(Q) ® det((Q/R)*) and det(R) given by
v Q@ Uy — 6 =%, (¢ o).

Therefore, to realize x5 0 g, o x; one only needs an element of § € det(R); this
is very useful in the manifold setting as we can drop orientability assumptions.
Let us conclude this remark by giving the expression of x5 o ¢, 0 %1 in terms of
d.

Let {&1,...,€™} be a basis of Q* such that {¢!,...,£"} generates Ann (R).
Any element of A®*Q* is a sum of forms of the type

gcane, Ic(rn).

We claim that x, 0g, 0%, coincides with the map Cs : A*Q* — A*(Q/R)* defined
by

Lok 07 lf‘[# (r,n]
Cs:q'ang’ — { (igr6) o, it I = (r,n]. (3.25)

To prove our claim, note that

*zoq*o*l(q*a/\ﬁl)— *Q*[qa(*g)]
*3 Ga(gx(%,€7))
QA %, Q*(*1§I)7

where we used in the first and third equality the fact that *; intertwines interior
product with exterior multiplitication for ¢ = 1,2. Now,

(&) #0 e I =(rn],

and in this case

x, G (%, &) = Gq.(x, 61)V2 = z'*lgzq*l/z = g1 *, q"Vo = ig10.
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Remark 3.38. Let oo € A*Q*. For the map Cs : A*Q* — A*(Q/R)* defined
by (3.25) corresponding to § € det(R), one has

C&(OZ) # (IR= in/\"'/\Xm—r « # 0,

where {X1,..., X,,—} is a basis of R.

Remark 3.39. Let (E,g,p) be a real extension of a real vector space V and
consider its complexification (F ® C, g¢,p ® id). Given an isotropic subspace
K C E,let Kc = K®C C F® C be its complexification and consider the

quotient extension

Ké K+

— 2| — C id
( P;’C ( K ®C, (gK)(C7 PKr X1

of (Q/R) ® C where as usual Q = p(K+) and R = p(K). For a K-admissible
splitting V : V — E, let Vi : Q/R — K+ /K be the induced splitting (2.30).
Then, by Remark 2.39 and Theorem 3.35 given a pure spinor ¢ € A*V* ® C

LNK# + Ke

Ny @id(*2 0 ¢ 0 %1(j @) = e

(in case Nygia(¢) N K¢ = 0) where (by abuse of notation)
g« :NQRC - A (Q/R)®C and j*: ANV RC — A*Q*"®C

are the C-linear extension of the respective (R-linear) push-forward and pull-
back maps and

*x A QTRC > A Q®RC and % : A*(Q/R)®@C — A*(Q/R)" ®@C

are the star maps corresponding to v1 € AYPQ ® C and vy € AYPR* @ C
respectively.

By choosing real elements 11 ® 1 € A*PQ®C and v, ® 1 € A*P(Q/R)* @ C
for 11 € A*PQ and vy € A*P(Q/R)*, the corresponding map

x30q0ox1 1 AN°Q"®C — N*(Q/R)"®C
is just the C-linear extension of

ANQ" S ar— g (i) V2 € N (Q/R)".

3.2.2 Dealing with non-transversality.

When comparing the procedure to reduce Lagrangian subspaces of a given split-
quadratic vector space (E, g) with an isotropic subspace K C FE given by Propo-
sition 2.28 and its pure spinor counterpart, Theorem 3.35 (see also Remark 3.36),
one notes a discrepancy: namely, the first is defined for all Lagrangian subspaces
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of F and the second, only for those Lagrangian which satisfies L N K = 0. To
have a complete description of the reduction procedure at the spinorial level, it
is necesary to understand how to construct the reduced spinor when LN K # 0.
In this section, we deal with this problem.

Let (E, g) be a split-quadratic vector space and K C E an isotropic subspace.
Consider L C E a Lagrangian subspace. The idea of our method is to substitute
L by an other Lagrangian subspace L’ which satisfies the following properties:

(i) L=L"if and only if LN K = 0;
(i) L' N K = 0;
(iii) 'NK+* 4+ K=LNK*+ K and
(iv) L — L' is computable at the spinor level.

Note that such substitution solves our problem. Indeed, property (iv) implies
that once we have a pure spinor for L we can find one for L’. Now, property (ii)
allows us to apply Theorem 3.35 for the pure spinor of L’ to find a pure spinor
corresponding to

L'NK+*+K LNK*+K Clﬁ
K B K K

where the equality holds because of property (iii). Property (i) guarantees that
one doesn’t have to substitute L in the case where we already know how to deal
with pure spinor reduction.

Let us explain the method. Take D C E to be any isotropic subspace such
that (L N K)* @ D = E (it exists by Proposition 2.7). Define

L'=Lp:=LND"+D.
Proposition 3.40. Lp satisfies (i), (i) and (i)

Proof. First note that if L N K = 0, then D is necessarily 0 and therefore
Lp = L. Conversely, if Lp = L, then D C L. But, by construction

0=(LNK)Y*NnD=(L+K*)nD=DnL=0.

Hence, D = 0 and therefore (L N K)* = E, or equivalently, L N K = 0. This
proves that Lp satisfies property (i). To prove (ii) note that (LN K)*ND =0
implies (L N K) @ D+ = E; this in turn implies that

L=LNK&®LnD (3.26)
Thus,
G2 DL (LAD  + LK)+ K+

= Lp+LNK+ K+
= LD—‘rKl.

E=D+(LNK)*=D+L+K*
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So0=(Lp+ K%)= LpnNK as we wanted.
To prove (iii), note that, by (3.26),

L+D=(LND*+D)+LNK=Lp+LNK,
which implies that Lp + K = L+ K + D. Thus
LpNK:*=(Lp+K)*=(L+K+D)* cLNnK™*.

So

LpNK*+KcLNK*+K,
and, as both subspaces are Lagrangians (see (2.26)), they are equal, thus proving
(ii). O

To prove (iv) we specialize to the situation where (E,g) comes from an
extension (E, g, p) of a vector space V. We choose an isotropic splitting V : V' —
E so as to have a representation Iy : CI(E,g) — End (A*V*) (see Example
5.6).

Proposition 3.41. If ¢ € A*V™* is a pure spinor for L, then
Yp = Hv(dl . “dr)tp 7£ 0

and
Ny (¢p)=LND' 4+ D.

where {dy,...,d.} C E is a basis of D.

Proof. We are going to use a result which will be proved only ahead in greater
generality (see Proposition 4.34) which states that there exists a Lagrangian
subspace Ly C E such that

E=L& Ly and D C L.

As such, Iy = (L, Lg) defines a polarization of F which we can relate to Iy =
(VV,V*) via Proposition 3.23: namely, the isomorphism

E112: ALy — A°V*
o —  Iv(a)e

intertwines II;, with IIy. Consequently, if 0 # 6 € A®Lg is a pure spinor with
N, (0) = LN D+ + D, then Fy,;,(6) # 0 and

NV(Flllg (9)) =LN DJ— + D.

Now, Proposition 3.18 says that for any basis {di,...,d,} of D, the element
0=dy N---ANd, € N®*Lg is a pure spinor such that

N, () =LnD* 4 D.

In this case
Flll2 (0) = Hv(dl JANEERIAN dn)(p = ¢p.

This concludes the proof. O
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Example 3.42. Let E = (V @ V*, gean, pry) for a vector space V. Let R C V
and L C V @ V* be a Lagrangian subspace. Choose S C V such that

(LNRy@S=V.
Then D = Ann (S) C V @ V* satisfies
(LONR)@ Dt =VaVv:
If o € A*V* is such that N (p) = L, then for Q € det(Ann (S)) C A°V*
op =QANp

is a pure spinor for L N D+ + D by Proposition 3.41.



Chapter 4

Reduction of generalized
structures.

In this chapter, we recall the reduction procedure for Dirac structures from
[11, 12]; its spinorial counterpart will be treated in the next chapter.

The chapter is organized as follows: in §4.1 and §4.2, we spend much of
our time defining the main ingredients of the reduction procedure; they are a
Lie group G acting on a Courant algebroid E over M by automorphisms (see
Definition 4.1) and the choice of an invariant manifold N C M given by the
zero level set of a moment map (see §4.2.3). In §4.3, we show how to associated
to these data a Courant algebroid E,.q over M,.q = N/G; the reduced Dirac
structures will be subbundles of FE,.;. We focus on the construction of the
bracket on the sections T'(E,eq) of E,.q adapting the general construction of
[11] to the more particular construction considered in [12] and used in this
thesis. At last, we close this chapter with §4.4, where the reduction studied in
§2.3. will be used pointwise to reduce a Dirac structure on M satisfying some
natural conditions to a Dirac structure on M,..q4.

4.1 Generalized geometry.

Let M be a smooth manifold. In this section, we study a class of Courant
algebroids (see Definition 4.1) called exact. In §4.1.2, we study the group of
automorphism of exact Courant algebroids and its Lie algebra of derivations.

4.1.1 Courant algebroids.
Let M be a smooth manifold.

Definition 4.1 ([36]). A Courant algebroid over M is a real vector bundle
E — M equipped with a fibrewise non-degenerate symmetric bilinear form g,
a bilinear bracket [,] on the smooth sections I'(E), and a bundle map p :

99
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E — TM called the anchor, which satisfy the following conditions for all
e1,e,e3 € T(F) and f € C°(M):

C1) [er, [e2;es]] = [[e1, e2], es] + [e2, [e1, es]],

(C1)
(C2) p([er, e2]) = [p(e1), ple2)]

(C3) [er, fea] = fler, ea] + (Lyper) fea,

(C4) Lye,) glez, e3) = g([e1, e2], e3) + glea, [e1, e3]),
(C5) [er,ea] = —[ea, er] + p*(dgler, e2)).

The main example of a Courant algebroid is TM :=TM ®T*M with pry,, :
TM — TM as anchor, the canonical bilinear symmetric form gc,, given by

gcan(X+€7Y+77) :ZXn—’_'Lng forX+§,Y+77€I‘(']I‘M)
and the bracket [-, -] given by
[X+&Y +n] = [X, Y]+ Lxn —ivdy = [X, Y]+ (Lxn — Ly§) + diyE. (4.1)

The bundle TM endowed with gc., and the bracket (4.1) was studied thor-
oughly by T. Courant in [17] where it was used to unify different kinds of geom-
etry, including pre-symplectic, Poisson and the geometry of regular foliations.
In the original paper [36], Courant algebroids were seen as a generalization of
the double of Lie bialgebras, an important structure in Manin-Drinfeld’s theory
of Poisson-Lie groups. Recently, extending previous work of N.Hitchin [28], M.
Gualtieri used this framework to study generalized complex structures [24] (see
Definition 4.9). Here, we study a special class of Courant algebroids.

First, note that axiom (C5) implies that

[e, fe] + [fe,e] = p™(d(f g(e,€))), for e € I(E) and f € C*(M);
applying the anchor on both sides and using (C2), one has
0=pop™(d(fglee))).

We can always choose e € T'(E) such that g(e,e) = +1 in a neighborhood of M
(see Lemma 5.1) so that

pop*(df) =0, for every f € C®(M).

Thus we have a complex

*

0—T'M22sFE2TM—o0. (4.2)

Definition 4.2 ([45]). A Courant algebroid E is exact if for every € M, the
triple (Ey, gz, p|E,) is an extension of T, M (see §2.1).
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Example 4.3. For M a smooth manifold, the Courant algebroid (TM,
Jeans DT, [ ) with the bracket [-, -] given by (4.1) is exact. For every z € M,

(T:M & T M, gean, Prpps) = D (T M) (see Example 2.2).

The theory developed in the first chapter applies pointwise to the case of
exact Courant algebroids. For instance, an isotropic splitting for a Courant
algebroid E is a bundle map V : TM — FE such that for every x € M, V, :
T,M — E, is an isotropic splitting for the extension (E, g, p|E, )-

As before, we concentrate on subbundles L of E such that L, C FE, is
a Lagrangian subspace; again, we will be considering T*M as a Lagrangian
subbundle of E via its image p*(T*M).

Definition 4.4 ([17]). A Dirac structure on M is a Lagrangian subbundle L
of E such that its sections I'(L) are involutive under the bracket [-,-] (in which
case we call L integrable).

Example 4.5. For any exact Courant algebroid F, T*M C E defines a Dirac
structure. Indeed, it is Lagrangian by Example 2.5. Also, for &,n € T'(T*M),
axiom (C2) implies that

p(I&;nl) = [p(§), p(n)] = 0.

As T*M = ker(p), [¢,n] € T(T*M). Actually, restricted to T'(T*M), the
bracket [-, -] is zero. Indeed, let e € T'(E). By axiom (C4) and (C2) (recall the
formula g(n,-) = n(p(-))),

g([&mle) = Lpeyg(n,e) —gn, [€,e])
=n(p([€, e]))

= an([[z?(f),p( )

As g is non-degenerate, it follows that
[§,n] =0, V&, n e T(T"M). (4.3)

Remark 4.6. The description (2.13) applies pointwise to Lagrangian subbun-
dles of TM. They are characterized by a singular distribution S C TM and an
element wg of T'(A25*). The distribution S is integrable in the sense of Stefan
and Sussman [49] and wg defines a 2-form on each leaf of the singular foliation.
In [17], it is proved that the pair (S,wg) defines a Dirac subbundle if and only
if dwg = 0 over each leaf of the foliation.

Let E be an exact Courant algebroid and let V : TM — FE be an isotropic
splitting. Its image V(T'M) is a Lagrangian subbundle; it will be a Dirac struc-
ture if and only if

H(X,Y,Z) =¢g([VX,VY],VZ) =0, forevery X,Y, ZeT'(TM).
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One can show that H is a closed 3-form on M (see [45]). Its cohomology
class [H] € H3(M,R) does not depend on the splitting. In fact, changing V
to V + B has the effect of changing H to H + dB, where B € Q?(M). The
3-form H is called the curvature of the splitting V and its cohomology class
[H] € H3(M,R) is called the Severa class of E; as we shall see, it completely
determines E.

Giving an isotropic splitting V : TM — E, one can use the fibrewise isomor-
phism given by (2.6) to construct a bundle isomorphism &y : E — TM given
by

2(e) = (p(c). sv(¢)).

where sy (e) € T*M is such that
psv(e) =e— Vp(e). (4.4)

Let us see how the bracket is transformed. By Axiom (C2) and (4.3), for
X, Y eT(TM) and &,n € T(T*M), one has that

Co([VX+EVY +0l) = (X, Y], sv([VX +& VY +1]))
= ([X,Y],sv([VX,VY]) + sv(VX,€) + sy (€, VY).

For Z € T(TM),
izsv([VX,VY]) = g([VX,VY],VZ) = H(X,Y, Z).

We claim that
sv(IVX,nl) = Lxn

and
sv ([, VY]) =iy ds.
Indeed, from (2.5) and Axioms (C2) and (C4), one has that for Z € I'(T'M),
izsv([VX,n]) = ([VX,n],VZ) = Lxg(n,2) — g, [VX,VZ])

Lxizn —ix,zn
= izLxm

Also, by axiom (C5),
[€, VY] = —[VY.,&] + dg(&, VY).
Therefore,
sv([§, VY]) = —sv([VY,€]) + div€ = —Ly{ + diy{ = —iydé.
Finally,

Oy ([VX +&, VY +10]) = (X, Y], iyix H + Lxn — iy d§). (4.5)
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Definition 4.7. For a closed 3-form H € Q3(M), we call the bracket on the
sections of TM given by

HX+£,Y+77]]H:[X,Y]+£Xn7iyd£+iyixH (46)
the H-twisted Courant bracket [45].

Example 4.8. Let w € Q?(M) be a 2-form on M and H € Q3(M) be a closed
3-form. Let

L = Graph (w) = {(X,ixw) e TM | X € TM)}.

It is a Lagrangian subbundle of (TM, gean). Its sections I'(L) are involutive with
respect to the H-twisted Courant bracket if and only if dw = —H.

Using ¢y to transport Lagrangian subbundles of £ to Lagrangian subbun-
dles of TM reduces the problem of understanding the integrability condition on
the definition of Dirac subbundles to that for H-twisted brackets. In this case,
an argument similar to that of [17] shows that (see Example 4.6)

(S,ws) is [, -] involutive if and only if dws = 5 H,

where j : & — M is the immersion of the leaf of the foliation tangent to S.

Generalized complex structures. Let E be a Courant algebroid over M
and consider its complexification E¢x = F ® C. By extending C-bilinearly both
the metric and the Courant bracket, we can study the Lagrangian subbundles of

E¢ whose sections are closed under [-,-Jc. We call such Lagrangian subspaces
complex Dirac structures on M.

Definition 4.9 (M. Gualtieri [24]). A generalized complex structure on M is
a complex Dirac structure L C E¢ such that

LNL =0, (4.7)

where L is the conjugate subbundle. A general Lagrangian subbundle L C E¢
such that (4.7) holds is called a generalized almost complex structure.

To a generalized almost complex structure L C E¢ on M, one can associate
(see [19, 24] ) a bundle map
J:F— F

such that J2? = —Id and g(J-,J-) = g(-,-) such that
L={e—iJe|ec E}.
The integrability of L translates to

[Tei,Tes] — [e1,e2] — T([Ter,ea] + [e1, Te2]) =0, Vei, ea € T(E). (4.8)
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By choosing an isotropic splitting V, one has (in matrix notation)

#
@vojoq>vlz< “ ”*>

wﬁ —a

where 7t : T*M — TM is the map induced by a bivector field 7, wy : TM —
T*M is the map induced by a 2-form w and a : TM — TM is a bundle map.
The generalized Nijenhuis equation (4.8) implies certain compatibilities between
these structure maps(see [19] for details). One has

Dy (L) = {(X - i(a(X)+74(&)), €~ i(ws(X)—a"(€))) | (X.€) € (TMET M)}

In the next two examples we consider the Courant algebroid given by TM
with the standard Courant bracket (4.1).

Example 4.10 ([24]). Let J : TM — TM be an almost complex structure on

M. By defining
J 0

we get generalized almost complex structure on M given by

L ={(X,§) =i J(X,€) | (X,€) € [(TM)}
={(X —iJX, E+iJ%) | (X,8) e (TM)}

In the usual notation from complex geometry, one has
L= TI,O D Ann (TLO) = TI,O @To’l.

By taking vector fields e; = X and ez = Y in (4.8), one obtains the usual
condition of integrability of J given by the vanishing of the Ninjehuis tensor.

Example 4.11 ([24]). Given a non-degenerate 2-form w on M, define

0 —w;!
= #
7 ( wg 0 )
It defines a generalized almost complex structure on M given by
L={X—iw(X) | X eI (TM®C)}.

L is integrable if and only if dw = 0.

4.1.2 Symmetries of the Courant bracket.

Let E be an exact Courant algebroid. We study the group Aut(E) of bundle
automorphism preserving the underlying structures and its Lie algebra Der(E).
We follow [11].
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Definition 4.12. The automorphism group Aut(E) of a Courant algebroid E is
the group of pairs (¥, 1), where ¥ : E — E is a bundle automorphism covering
¢ € Diff (M) such that

(1) $rg(¥(),¥()) =g(,-)
@) [v0), vl =2, ;
(3) poV¥ =1, op.

Remark 4.13. It can be seen that axiom (C2) and both the properties (1) and
(2) above imply (3) (see [30]).

Let us give some examples of elements of Aut(E) for E = (TM, [, ]x).
Example 4.14. For ¢ € Diff (M), define
Uy =+ ("),

which is easily seen to preserve gean. For X, Y € T'(TM) and &,n € T(T*M),
one has that

() [0eX, Y] = [ X, Y]
Ly, x (@)= ") Lxn;
iy d(*) e = () liy€ and
ip.yip H = (") iyix o H.

[y (X + &), Uy (Y +n)]la = Vy([X + &Y +nly-n)
which implies that for every ¢ € Diff(M) such that v*H = H, ¥,, € Aut(E).

Example 4.15. Let B € Q*(M) and let 75 : TM — TM be the bundle map
which is fibrewise given by (2.9), that is, for X + £ € T'(TM)

TB(X-Ff):X—leB-Ff
We saw that 75 preserves gean. For X + £, Y +n € I'(TM),
[[TB(X +£),TB(Y + 7])]]]-[ = [X, Y] + ,Cx(ﬂ + ZyB) — Zyd(f + ZxB) +iyvixH

= [X, Y] + Lxn—iydé+ Z'[ny]B — iyix(H +dB)
B([X + &Y +nlataB).

Therefore, for any closed 2-form B, one has that 75 € Aut(E).

Proposition 4.16 ([11]). Let E be a Courant algebroid and V : TM — E an
isotropic splitting. For (VU,1) € Aut(E), there exists B € Q*(M) such that

Py oTod' =V, 075 (4.9)
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Moreover, if H € Q3(M) is the curvature of V,
H—*H = dB, (4.10)

which implies that ¢ € Diff (M), the group of diffeomorphisms preserving the
cohomology class of H.

Proof. First note that condition (3) in the definition of Aut(E) gives that ¥
preserves T*M = ker (p). More precisely, for £ € I'(T*M) and X € I'(TM)

g(¥(€),Y) = g(&, ¥ (Y)) = £(p(T™H(Y))) = &((¥~1)up(Y)) = (¥ 71)"E(Y).

This proves that
() = (7)€, Ve e D(T*M). (4.11)

For X + ¢ e I'(TM),
Py oVod (X +&) =X + [(¢ )€+ U(VX) - V. X]

Now, note that 1*E together with (¢»=1), op : ¥*E — TM and the induced
bilinear form ¢ is a bundle of extensions of TM in the sense that (¢*E), is an
extension of T} M for every x € M. Moreover, ¥ o V and V o, are isotropic
splittings for ¢*E. Thus, by proposition 2.14, there exists B € Q?(M) such
that

U(VX)—- V. X =ixB.

This proves that
Py oVody' =V, 0r7p.

To finish the proof, note that ¥ satisfies property (2) in the definition of Aut(E)
if and only if &y o W o @%l preserves the H-twisted Courant bracket. But by
Examples 4.14 and 4.15,

Wy or5(-), ¥y oma()lu = V([ Jymtan)-
This finishes the proof. O
With an isotropic splitting V chosen, an element of Aut(E) can be seen as
(1, B) € Diff11(M) x Q*(M) such that H — ¢v*H = dB,

where H € Q3(M) is the curvature of the splitting. This description of elements
of Aut(F) depends on the chosen splitting. To see how the 2-form appearing
on (4.9) behaves if the splitting changes, let B’ € Q%(M). By formula (2.10),

®V+B’ O\IIO@%}FB/ :TfB’ (@] (\I/w OTB)OTB/ = \I/w OTB’*T,ZJ*B’%»B'
Thus, if we change V to V + B’, then

(¥, B) = (Y, B — 4" B’ + B). (4.12)
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Remark 4.17. It is shown in [11] that Aut(F) is an abelian extension of
Diff(M).

The Lie algebra of the group Aut(E) is Der(F), the infinitesimal symmetries
of E. An element of Der(E) is a pair (A4, X) where A : I'(E) — T'(F) and
X € T(TM) such that, for every ej,eq € I'(E) and f € C*(M),

(i) A(fer) = fA(er) + (Lx few;

(ii) g(Ale1),e2) + gle1, Ale2)) = Lxg(er, e2);
(i) A([er, e2]) = [A(e1), e2] + [e1, A(e2)]
(iv) p(A(er)) = [X, p(er)].

Remark 4.18. As before, (iv) follows from (i),(ii) and (iii) together with the
axioms (C1), ..., (C5). Indeed, for £ e T'(T*M) and e € T'(F)

E(p(A(e)) = g(Ale),p ) = Lxgle,p*E) — gle, A(p*))
: = (Lx&)(ple)) +&([X,p(e)]) — g(e, A(p*e)).

Now, axiom (C5) together with (iii) and (i) implies that A(p*¢) = p*Lx¢&, and
thus
£(p(Ale))) = &([X, ple)]), V€ € T(T™M).

Example 4.19 ([11]). For any e € I'(E), let A : T'(E) — I'(E) be given by
A = [e,-] and X = p(e) € T(TM). Properties (i), (ii), (iii) and (iv) above
correspond exactly to axioms (C3), (C4) , (C1) and (C2) in Definition 4.1.
Infinitesimal symmetries of this kind are called inner symmetries.

Let V : TM — E be an isotropic splitting for E with curvature H € Q3(M).
By the description of Aut(TM @ T*M,[-,-]u) given by Proposition 4.16, an
infinitesimal symmetry is given by a pair (X,B) € T'(TM) x Q*(M) given
by differentiation of an one-parameter subgroup (¢, B;) € Aut(E) at t = 0.
Equation (4.10) gives that

LxH = —dB.

By changing the splitting V via a 2-form B’ € Q?(M) to V + B’, the one-
parameter subgroup of Aut(E) has to change according to (4.12):
(41, Be) v (s, By + B' — ¢y B').

By differentiation, it follows that the corresponding infinitesimal symmetry
changes by
(X,B)— (X,B—LxB"). (4.13)

Let us see which map A : I'(TM) — I'(TM) corresponds to (X, B) € Der(E).
For Y +7n e I'(TM),

oo (V00 (ihy ) om0 = g [0+ (4 iy B
= [X,Y] +£Xn—in.
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Thus, the map A : T'(TM) — I'(TM) corresponding to (X, B) is
AY +n)=[X,Y]+ Lxn —iyB.
For inner symmetries, note that by writing
[X+&Y +nlg =[X, Y]+ Lxn —iy(d§ —ixH),

it is evident that (X,d¢ —ix H) € (T M) x Q?(M) is the pair associated to the
inner symmetry given by X + £. Define

ad: T(TM) — Dex(TM,[, [u)

X+¢ — (X,d¢—ixH). (4.14)

For every (X,B) € Der(E) (as d(ixH + B) = LxH + dB = 0), there is
an associated cohomology class [ix H + B] € H?(M,R). This class is exact if
and only if there exists & € Q'(M) such that B = d¢ —ix H. Thus, the inner
simmetries are exactly the kernel of the surjective map

Der(E) 3 (X,B) — [ixH + B] € H*(M,R),

showing, in particular, that ad is not always surjective. It is not injective either;
indeed if ad(X + &) = 0, then in particular

[X +&Y +n]g =0 for every Y +n € T(TM).
By choosing Y = 0 and n = df for any function f € C°°(M), one has that
df (X) = 0 for every f € C°°(M). This implies that X = 0. By choosing n = 0,

one has that iyd¢ = 0 for every Y € T'(T'M) which implies that d§¢ = 0 and
gives that the sequence

0 — QL (M) 25 T(E) L Der(E) 2% H2(M,R) — 0 (4.15)

is exact.

4.2 Actions on Courant algebroids.

Let M be a smooth manifold and G a Lie group acting on M. In this section,
given a Courant algebroid E over M, we review the constructions given in
[11, 12] to lift the G action to E.

4.2.1 Extended actions.

Let M be a smooth manifold and E be a Courant algebroid over M. Consider
G a connected, compact Lie group acting on a manifold M by

G > g — 1, € Diff (M)



4.2. ACTIONS ON COURANT ALGEBROIDS. 69

and let
¥ g — X(M)
U Uy
be the infinitesimal action. We will be interested in lifting the action of G to F
by automorphisms. Infinitesimally, this amounts to finding an homomorphism

g — Der(FE) such that
g — Der(E) (X,B)

&xgw) )l(

commutes. We will be mainly interested in actions by inner symmetries:
g — I(E) 2% Der(E).

Example 4.20. If Y7 H = H for every g € G, one can trivially lift the action

by (see Example 4.14)
_( Wgs 0
g|—>\IJg_( 5 (¢g)*)

Infinitesimally, by considering the natural inclusion I'(T'M) C I'(TM), one has
that
g — I(TM) 2% Der(E).

To consider only maps g — I'(E) is insufficient if one thinks of TM and T* M
on equal footing. Even conceptually, the Lie algebra (g, [-,:]) and (T'(E), [, ])
are distinct as axiom (C5) says that [-,-] is not antisymmetric. We shall follow
[11] to define a certain structure which in a sense allows one to treat tangent
and cotangent directions equally.

Definition 4.21 ([11]). A Courant algebra over a Lie algebra g is a vector
space a endowed with a bilinear bracket [-,-] : a X a — a, a map p: a — g such
that

[a1, [az, as]] = [[a1, 2], as] + a2, [a1, as]], a1,a2,a35 € a (4.16)

and p([a1, az2]) = [p(a1), p(az)] for all a1, as € a.

A Courant algebra is exact if p is surjective and [hq, ho] = 0 for all hy, hy €
ker(p).

Example 4.22. For any Courant algebroid FE over M, by considering the nat-
ural extension of the map p: E — TM to sections p : T'(E) — I'(TM), axioms
(C1) and (C2) give that T'(F) is a Courant algebra over I'(T'M). If E is exact,
then by definition ker (p) = I'(T*M) and as we saw (Example 4.5)

[D(T*M),T(T*M)] = 0.

Thus I'(E) is an exact Courant algebra over I'(T'M) if and only if E is an exact
Courant algebroid.
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Example 4.23 (Hemisemidirect product [11, 31]). Let h be a g-module. We can
endow a := g ® h with an exact Courant algebra structure by taking p:a — g
to be the natural projection and the bracket defined by

[(ur, h1), (u2, h2)] = ([u1, uz], u1 - ha).

It is straightforward to see that p is surjective and [ker(p), ker(p)] = 0. As for
condition (4.16), the Jacobi identity for g and the module structure of § imply
it. This construction is called hemisemidirect product. It was first studied
in [31], in the context of Leibniz algebras.

Now we are able to define an extended G-action and its infinitesimal coun-
terpart, an extended g-action.

Definition 4.24 ([11]). Let g be a Lie algebra acting on M infinitesimally by
Y :g — I(TM). An extended g-action on an exact Courant algebroid E
over M is given by an exact Courant algebra p : a — g together with a bracket
preserving map linear map x : @ — ['(E) which satisfies two conditions

(1) ad o X|ker(p) =0 and
(ii) Yop=pox.

The first condition together with the exact sequence (4.15) give that the
image of X|ker(p) is a subset of the closed 1-forms Q}, (M) of M. Moreover, by
quotienting out ker (p), one has that adoy descends to the quotient g = a/ ker (p)
giving a Lie algebra homomorphism

c;l\o/x : g — Der(F) (4.17)

as we first wanted. Altogether, these two condition guarantees the commuta-
tivity of the diagram

0 —— ker(p) —— a —2—

g
lxh@(p) lx lz (4.18)
0 —— QL(M) —— T(E) —2— X(M) —— 0

— 0

An extended G-action is an extended g-action (where g = Lie(G)) such
that the induced infinitesimal action (4.17) integrates to a group homomorphism
G — Aut(E).

Let us give two extreme examples to illustrate our idea of treating T'M and
T*M equally.

Example 4.25. Let FF : M — R" F = (f1,...,fn) be a submersion. Let
g=0and ¥ :g— I'(TM) identically zero. By considering R™ as the trivial
g-module, one can form the hemisemidirect product a = {0} @ R™(the bracket
is zero). Define, for the canonical basis {ey,...,e,} of R"

X: a — T(TM)
(0,e;) +— df;
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Fix any closed H € Q3(M) and endow E = TM with the H-twisted Courant
bracket [-,-]g. As [dfi,-]g = 0, x is bracket-preserving. and ad o x = 0.
Condition (ii) is trivial. Therefore, x : a — I'(E) is an extended {0}-action (it
integrates to the identity group G = {e} giving an extended G-action). This
action is purely cotangent.

Example 4.26 ([11]). Let £ = TM with the standard Courant bracket (4.1)
and ¥ : g — I'(T'M) an infinitesimal action of the Lie algebra g on M. Let
a = g with p : g — g the identity map. We can trivially extend the action by
choosing x equal to the natural extension ¥ : g — I'(TM). For u,v € g,

X([u, v]) = E([u, v]) = [E(u), E(v)] = [E(u), Z(v)] see (4.1).
Also, as ker (p) = 0, the condition ad o X|ier(p) = 0 is satisfied trivially. At last,
pox=X=2Xop.

When ¥ integrates to a G action (G 3 g — 9, € Diff(M)), then this trivially
extended g-action integrates to an extended G-action given by (4.14)

Uy = (o) + (¥, 1) € Aut(E).
This kind of action is purely tangent.

Example 4.27 ([11]). Let M be a smooth manifold and let w € Q*(M) be a
closed two form. Let 3 : g — I'(T'M) be an infinitesimal symplectic action (i.e.
Ly, w=0). Define

X: gbg — TI(TM)
(u,v) = Up F gy, w.

We claim that x is a g-extended action if we give TM the standard Courant
bracket (4.1) and a = g @ g the hemisemidirect structure given by the g-module
structure on g inherited by the bracket (u-v = [u,v], for u,v € g).

[[X(uh 'Ul)7 X(u27 1)2)] = [(ul)Mv (u2)M] + E(u1)M i('UZ)ZW W= i(uz)]\/fdi(ul)Mw
= [Ul,Ug]M + i[ul,vz]Mw7
= X([(u1,v1), (uz,v2)])

where we used that

’C(Ul)M Z’(U2)1M w = i(U2)JW ’C(ul)M w+ i[UhUQ]JWw = Z.[111,112]1\/1"‘}'

and
Uun)ar D) @ = Uuz) ar L) ar — Uuz)ardw = 0
by hypothesis. Also, as {(0,v) € a | v € g} C a is the kernel of the projection
on the first factor and
X(0,v) = iy,w
is a closed 1-form, the map x satisfies condition (i) on the definition of extended

action. As for the second condition, it is trivially satisfied. Therefore, x is an
g-extended action as we wanted.
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4.2.2 Lifted actions.

In this subsection, we focus on a particularly important kind of extended action
called isotropic lifted actions. Associated to an isotropic lifted action, there
is an isotropic subbundle Ky of . We study isotropic splittings V : TM —
E adapted to such actions. One of the properties of these splitting is K-
admissibility (see Definition 2.32). Our main result is the existence of such
splittings (see Corollary 4.35).

Following [11, 12], we shall call a g-extended actions x : a — I'(F) such that
a=gand p:g — gis the identity map lifted g-actions. The definition is
summarized by the commutativity of the diagram

id
- g

g
[ s
I(E) —2— I(TM)

(if x integrates to a G-action, we shall call it lifted G-action).

Let E be a Courant algebroid over M and let g be a Lie algebra acting
infinitesimally on M by ¥ : g — I'(TM) and let x : g — T'(E) be a lifted
g-action. Define Ky C E as the image of the induced map

g xX M > (u,x) — x(u)(x).

Remark 4.28. Note that Ky C E is a subbundle of F if and only if {ua(x) | v €
g}, © € M has constant dimension.

Henceforth, we suppose that the infinitesimal action ¥ : g — I'(T'M) inte-
grates to a free action of a connected, compact Lie group G on M. In particular,
{up(z) | v € g} has dimension dim(g) for every x € M and we denote the cor-
responding subbundle of TM by Ay. Note that in this case

K,NT*M =0. (4.19)

Definition 4.29 ([11]). Given a lifted G-action x : g — I'(E), we say that an
isotropic splitting V : TM — FE is invariant if

Vo (¢hg)s = ¥,0V, for every g € G. (4.20)
Infinitesimally, condition (4.20) reads:
Viupr, X)) = [x(w), VX], Vu € g and X € T(TM).

Fix an isotropic splitting V with curvature H € Q3(M) and let &, =
pro- (P o x(u)) € T(T*M). One has

Oy o x(u) =up + &, foru € g.
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Proposition 4.30 ([11]). V is invariant if and only if
ad(upr + &) = (upr,0) (i-e. d&y — iy, H =0).

for every u € g. In this case,
L., H=0.

um

Proof. By identifying E with TM via ®v, one has to prove that
[uar + &uy X1 = [unr, X| < d€,, — iu,, H = 0.
for every u € g and X € T'(T'M). This follows from
[unr + &u, Xu = [ung, X+ ix (fuy H — déu).
In this case, by Cartan formula,
LoyyH =diy,, H+ iy, dH = dd¢, = 0.
O

Corollary 4.31. Let B € Q%(M). If V is invariant, then V + B is invariant
if and only if L,,,,B =10

Proof. If we change the splitting by the 2-form B, then by (4.13), the inner
symmetries generated by x(u), for u € g, changes as

(uMadfu - ZUMH) = (uMa (dgu - iUJWH) - ‘CUJVIB)'

As V is invariant, d¢,, —i,,, H = 0 and therefore, by Proposition 4.30, V + B is
invariant if and only if £,,, B = 0. O

We now prove that invariant splittings for lifted G-actions always exist under
the hypothesis that G is compact.

Proposition 4.32. Given any equivariant isotropic subbundle Ky of E, there
exists an equivariant isotropic subbundle K such that K1 ® Kg- = E.

Proof. First we prove that K admits an equivariant complement. As K- is
equivariant (G preserves the bilinear form), every automorphism ¥, descends
to the quotient bundle E/Ky (we continue to call the action in the quotient by
U,). Let s: E/Kd- — F be any bundle map splitting the exact sequence

0— K — F— E/K§ —0

and define sy := W 050 W 1. Now, let s4,,, : E/KOL — F be defined as

where (1 is the left Haar measure of G. It clearly satisfies ¥, 0 Siy = Sino for
every g € G and therefore its image D is an equivariant complement to Ky-.
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Recall the map A : D — Ky constructed in the proof of Proposition 2.7: it
is caracterized by

g(Aer,e2) = gler, e2)

for every ey, eo € D. We will prove that A is an equivariant bundle map. Indeed,

g(A(Yy(e1)),e2) = g(¥y(er),e2)
= gle1, ¥y-1(e2))
= g(A(e1), ¥y-1(e2))
= g(¥y(Aler)), e2).

By the non-degeneracy of the form, it follows that Ao ¥, = W 0 A. Therefore,
the subbundle

1
K, = {62A(€) | eGD}
is an equivariant isotropic complement to Kg-. O

Corollary 4.33 ([11]). Let G be a compact Lie group. For any lifted G action
on E, there exists an invariant isotropic splitting.

Proof. We have already proved that T*M C E is an equivariant Lagrangian
subbundle of E (see (4.11)), so that there exists an equivariant isotropic sub-
bundle Ky C E (by Proposition 4.32) such that

T"M & Ki{ = F

It is easy to see that K; is Lagrangian (by dimension count) and defines an
invariant splitting by taking the inverse V of p|k, : K1 — TM. Note that it
satisfies

Vo (¢g)e =Tg0V.

because po W, = (1)g) 0 p. O

We are particularly interested in lifted G-actions for which the subbundle
K is isotropic. We call such action isotropic G-lifted actions(see [11, 12]).
Recall from §2.3 that a K -admissible splitting V : TM — E is an isotropic
splitting such that

Oy (Ky) = Ay.

For a K4-admissible splitting V,

§u = prrpr(Pv(x(w))) = 0

and thus, if V is also invariant, its curvature H is a basic form 3-form (i.e.
Ly, H =0 and i,, H = 0 for any u € g). We now prove that K -admissible
splittings exists as corollary of a general result.

Proposition 4.34. Let L be an equivariant Lagrangian subbundle of E and K
be an equivariant isotropic subbundle such that K N L = 0. Then there exists
another equivariant Lagragian subbundle L' such that K C L' and L& L' = E.
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Proof. Let L = LNnK*+ K. Tt is an equivariant Lagrangian subbundle of
E (we use that L N K = 0 to guarantee that L N K+ has constant dimension).

Let LY be any equivariant Lagrangian complement to % (which exists by
Proposition 4.32). We claim that

U=L"nK*+K

is an equivariant complement to L such that K C L’. Indeed, L’ is clearly
equivariant and contains K. To see that it is a complement to L, observe that

Kt=1"nKk*el” =L +LnK"
Thus, as LN K =0,
E=K'+L=(L'+LnKY)+L=L+1L.
As dim(L') = dim(L) = 1 dim(E) the result follows. O

Corollary 4.35. Let x be an isotropic lifted G action on E. Then there always
exists a Kg-admissible invariant splitting.

Proof. We can take L = T*M and K = K, in Proposition 4.34 as equation
(4.19) guarantees that T*M N K, = 0 and the fact that x preserves bracket and
G is connected implies that K is equivariant. Thus, there exists an equivariant
Lagrangian subbundle L’ C E such that Ky C L’ and L'&T*M = E. Therefore,

plL/ ZL,—>TM

is an isomorphism and V = (p|z/)~! is the isotropic splitting wanted. It is
invariant as L’ is invariant and it is Kg-admissible as V(Ag) C K, (see Lemma
2.33). O

Let E be a Courant algebroid over M and x be an isotropic lifted action.
Consider Vi an invariant splitting with curvature H € Q3(M) and let

Oy, (x(u) = up + &, for u € g.

Every Kg4-admissible invariant splitting V, is given as V1 + B for some invariant
2-form B (see 4.31). Now, as V3 is Ky-admissible,

unr = By, (x(w) = 75 0 By, (x(w) = unr + (€u — iuy, B)

which proves that
gy B =&, for every u € g. (4.21)

It is easy to see that if B € Q?(M) is any invariant 2-form which satisfies (4.21),
then V; + B is invariant and Kj-admissible.
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Example 4.36 ([11]). Let 7 : P — N be a principal S bundle and let M = P x
St. Let € € Q(S1) be a volume form and let o € Q(P) be a connection 1-form
(i.e. iy, =1and L,,,a = 0 for the infinitesimal generator uy; corresponding
to 1 € R = Lie(S')). We can define an isotropic lifted action on the standard
Courant algebroid TM given by

X(1) = upr + €.
The canonical splitting is invariant as d¢ = 0. Now, the 2-form defined by
B=aA{
is clearly invariant and satisfies (4.21) as
Ty B =ty 0 NE— Ny, € =€

Therefore Vcan + B is an invariant Kg-admissible splitting. The curvature of
Vean + B is
dB=daNé—aNdE=Tm"FANE

where F € Q?(N) is the curvature form of P.

4.2.3 Moment maps.

Let p: a — g be an exact Courant algebra over g and let h = ker (p). Consider
an extended g-action x : @ — I'(E) on an exact Courant algebroid E over M.
As we saw before (see (4.18)), x|y : b — QL,(M). Following [11], we say that
the g-extended action has moment map if we can find primitives for these closed
forms in an equivariant fashion. More precisely, there is a map p : M — bh*
such that, for each h € b,

(i) x|p(h) = du”, where u* € C>°(M) is given by p"(z) = u(x)(h) for z € M;
(i) Loy p = ploM,

We call i the moment map [11] for the action.
The next two examples show the level of generality of the definition.

Example 4.37. For lifted actions x : g — I'(E), the zero map p: M — {0} is
a moment map.

Example 4.38. Let F': M — R”™ be a submersion and let F' = (f1,..., fn),
fi € C°(M) for i = 1,...,n. We saw (Example 4.25) that y : {0} x R" —
I'(TM) defined by

x(0, ;) = df;

is a {0}-extended action. In this case, h = R™ and, by identifying (R™)* with
R"™ via the canonical inner product, a moment map u : M — R” is given by
uw=F.
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The next example shows how the usual moment map from the theory of
Hamiltonian actions appears in this context.

Example 4.39 ([11]). Let M be a symplectic manifold with 2-form w and let
¥ : g — X(M) be an infinitesimal symplectic action. In Example 4.27, we saw
that

x(u,v) = x(w) + iy,, w, u, v € g.

defines a g-extended action of the hemisemidirect product g @ g on the standard
Courant algebroid. A moment map for this action is a map p : M — g* such
that

(i) 4y, w=dp’, for v € g and

(11) ‘CUMIU'U = N[u,v].

This is exactly the definition of a moment map from the theory of infinitesimal
Hamiltonian actions of symplectic geometry [34, 46]

Following [12], we now present a construction which is fundamental for what
we will do. Suppose one has an isotropic lifted action x : g — T'(E) on the
Courant algebroid E over M. Let h be a g-module and p : M — h* an equiv-
ariant map (i.e. L, p" = p*™"). Define, for (u,h) €a=gdh,

Yo (s h) = x(u) + du" € T(E).
For uy,us € g and hy, ho € b, one has

[x, (w1, h1), x, (w2, ha)] = [x(ur), x(u2)] + [x(u1), dp"2]

(4.22)

Recall that
[(u1, h1), (u2, ho)] = ([u1,us], us - ha)

together with the projection p : g® h — g on the first factor gives a = g® h the
structure of a Courant algebra (Example 4.23) over g. The calculation (4.22)
shows that x, : @ — I'(E) is a g-extended action with moment map p : M — b*.

Definition 4.40 ([12]). We call the triple (x, b, ) reduction data on E if 0
is a regular value for p and the g-extended action yj integrates to a G-extended
action by automorphisms of E with its corresponding G-action on 1 ~1(0) being
free.
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4.3 The reduced Courant algebroid.

In this section, given the reduction data (x,h,u) on a Courant algebroid E
over M, we adapt the general construction of [11] to obtain an exact Courant
algebroid E,..q over u~*(0)/G. This is the Courant algebroid in which we will
find the reduced Dirac subbundles.

Let (x, b, p) be the reduction data on an exact Courant algebroid E. Let
K C E|,-1(p) be defined by

K = Ky & Ann (T '(0)) , (4.23)
where Kj is the isotropic subbundle corresponding to x (see §4.2.2).
Lemma 4.41 ([11]). K is an isotropic equivariant subbundle of E,-1 (o).

Proof. First, note that as 0 is a regular value for u, it follows that K is a
subbundle of E|,-1(g). Let u1,us € gand hy, hy € h. One has for any = € ~1(0)

g(Xn (u17 hl)a Xy (u27 hl))z = i(ul)M daslu/h2 + i(UQ)jv[ da::uhl
(Lu)ar ") (@) + (L uz)ar 1) (@)
) 4 i ) = 0
This proves that K is isotropic. The equivariance of K follows directly from the
fact that x, is bracket preserving and G'is connected. O

As the G action on E preserves the bracket, K+ is also an equivariant G-
bundle and thus the quotient bundle K+ /K over p~1(0) inherits a G-action by
bundle maps. We keep denoting the bundle map of K+ /K corresponding to g
by W,; it covers the restriction of 4 to p~*(0) which we denote by t4,-1(o)-

We can apply pointwise the analysis done in Section 1.1 in this case. Define
R = p(K) C TM and Q := p(Kt) C TM. They will be subbundles of
TM|,~1(o) as long K NT*M = Ann(Q) and K+ NT*M = Ann(R) have
constant dimension (see Lemma 2.29). Fix arbitrary v € g and h € h and
xre M. As

p(x(u)(@) + dopt") = unr(2),
it follows that R, = T, (G - ©) = (Ag)q, the tangent space at  of its G-orbit.
It has the same dimension as (G, as we assumed the G-action to be free. Also,

x(u)(z) + dop € K, NTIM < x(u)(x) € TYM < pox(u)(z) = up(z) = 0.
Again, as G acts freely, it follows that « must be zero. Therefore
Amn (Q,) = K, NTiM = {d,p" | h € b} = Ann (T, (0))

and thus Q, = T, 1(0).
The bundle K+ /K over 1 ~1(0) has a fibrewise defined non-degenerate sym-
metric bilinear form g, given by (2.24) and a bundle map
K+ Tu '(0)
P T A,
g
given by (2.28).
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Lemma 4.42. g, is preserved by the G-action on K+ /K and p,. is equivariant
if we endow Tp~=*(0)/Ag with its quotient action.

Proof. For g € G, let ¥, € Aut(E) be the corresponding automorphism of E. It
covers 1), € Diff (M) and g — 1), is the G action on M. As G preserves p~*(0),

(%) (Tp=(0)) = T (0).

Also, it is a general fact that (g)«(Ag) = Ag. Therefore, it induces an action
of G by bundle maps (1g), : Tp(0)/Ag — T~ *(0)/Ag covering tg,-1(o)-
Now, as condition (3) on the definition of an automorphism of E says that
po W, = (1y)« o p, one has for k* € K+,

P o Vbt + K)= p,(V,(kt)+ K)
p(Vg(kh)) + Ag
= (Yg)sp(kh) + A
= (Yg)upy (b + K)

which proves the assertion about p, . The assertion about g, is a direct conse-
quence of the fact that ¥, preserves the metric g. O]

Lemma 4.42 implies that on the vector bundle

KL

E'red = 7 G (424)

over M,.q = n~1(0)/G we have a non-degenerate symmetric bilinear form g,.q

and a bundle map
Tp~'(0)
i Fpeg > ———— .
DPred red Ag G

Remark 4.43. The bundle (Tu=1(0)/A,)/G over M,.q is naturally isomorphic
to TM,eq via the differential of ¢ : = 1(0) — M,.q, the quotient map. By
abuse of notation, we continue to call p,.q the map E,.q — T M,.q obtained by
composition with dg.

To define a bracket on I'(E,.q), we need a lemma first.

Lemma 4.44. Let ey, es € T'(E|,-1(0)) and suppose e; € T(K*) fori =1,2.
If eij) e I'(E) satisfies eij) lu-1(0) = €i fori,j=1,2, then

(1) ) (2

(1) €21 [} 5] €T (K)

)‘TVI(O)

Proof. By axiom (C2) on the definition of a Courant algebroid, it follows that
for any 6(13)7 e(;) el(E)andz e M

@ ®
[er ez [(2) € Ex

depends only on 6(13) |y and 6(23) | where U is a neighborhood of z.
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So let z € p=1(0) and let U be an open neighborhood such that there exists
a local frame {6(13),.. 6(23;} € I'(E|y) with {e’ ,...,e;:)} a local frame for

(K |,~10)nw)- Write for i = 1,2,

k

e —e =Y fle), flec=w)
j=1

By hypothesis, f/ |# 1(0)nv = 0. Now,

(1) 2 @ 3) (1)
er —ei'en ] = Z—J[[f1 j 762]]

© i@ SIRCINY
Z lfl[[] eo | =L o fle; +glej ex)dff
(2 )

and

2 (@ (2) @) 3)
fe; ses —ex ] = ZJ 1[[ €1 7(f)2 ()]] N
2 3 3

= Z] 1f2[[1aj]]+ﬁ KON ]ej.

Note that as ey, es € I'(K*), one has that p(e1),p(e2) € Tu‘l( ) and therefore
restricting to p~1(0) N U,

Lo f3 = Loen fi =0 forevery j=1,... k.

Therefore,
@ @ @
[er seq ]H;rl(o v =ler ses ]H/rl(o)mU

and
1 (1 (2) (2 (1) 2 (1)
. - e
(RS R US| I G 1(3,)2“]])\ o
: .
= Zj:l gle €; ;€ )dff |;r1(0)ﬁU~

To finish, just note that for any 2 € p=*(0) N U, df! (z) € Ann (T, 1(0))
K, NT*M.

o

We say that a section e; of I'(K1) is invariant if for any section e of K
[6,e1]l,-1(0) = [é1, €] ],-1(0) € T(K), (4.25)

where €, é; € T'(F) are any extension of e, e; respectively. Note that (4.25)
independs on the extension by Lemma 4.44. We denote the space of invariant
section by T, (K). Note that T'(K) C T (KL).

Theorem 4.45 (Bursztyn - Cavalcanti-Gualtieri [11]). Eyq is an exact Courant
algebroid over Myeq.

Sketch of the proof. We just construct the bracket on the sections of F,.q fol-
lowing [11] and point to this paper to the proof that with this bracket, g,.q and
Pred, Ereq 1 an exact Courant algebroid. Consider the map

Finv(Kl) — F(Ered)
e — [e+K)
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where [e + K](q(z)) = [e(z) + K] for z € p71(0) and [] denotes the G-orbit
on K+ /K. It is well-defined and surjective. The fact that e is an invariant
section of K+ and G is connected implies that [e + K] is well-define. To prove
surjectivity, it suffices to find an equivariant split of the exact sequence

KL
O—>K%KL—>7—>O

(it exists by compactness of G). If e1, ea € [';, (K1) and e3 € T'(K), denote by
é; € T'(E) an extension for i = 1,2,3. One has

g([€1, 2], 3) = —g(a, [é1, €3]) + Lyp(e,)9(E2, €3).

By restricting to p~1(0), one proves that the right side is zero and therefore
[é1,é2]],-1(0) € T(K). By Lemma 4.44, this last property does not depend on
the extensions, as I'(K) C ['(K+). More is true; it holds that [é1,é]],-1(0) €
Cino(KL).

Thus, for any sections (e1)red, (€2)red Of T'(Ereq), let e1, es be any section of
Liny (K1) such that (e;)rcq = [e; + K] for i = 1,2. Define

[(e1)reds (€2)rea] = [ [€1,€2]]—1(0) + K | - (4.26)

Note that the expression on the right side is extension-invariant by Lemma
4.44 and does not depend on the element of T';,, (K L) one chooses to represent
(€i)req as any two of them differ by an element of I'(K) and [['(K), [, (K+)] C
I'(K). O

We will focus now on how one can find an isotropic splitting for F,.q. We
saw in Proposition4.35 how to find invariant K -admissible splittings.

Lemma 4.46. Any Ky-admissible splitting V is also K-admissible.

Proof. By Lemma 2.33, V is K-admissible if V|z,-1(g) : TM|,-1(0) — E|,-1(0)
satisfies V(p(K)) C K. But, as V is Kg-admissible and p(K) = p(Ky) = Ay,
one has that

V(Aq) C Kg C K.

Thus, V is K-admissible. O

Let V be an invariant Kj-admissible splitting. Using Lemma 4.46 together
with Lemma 2.33, one hat that V|r,-1(g) : TM|,-10) — E|,~1(0) takes T~ (0)
to K1 and thus defines a map

Vi = (4.27)
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Therefore, it descends to the quotient by the G-action giving an isotropic split-
ting
vred : TMTed — Ered'

For a point € u~1(0),

v7"ed : (TMred)q(r) B (Ered)q(m)

4.28
drq(X) — VX + K,]. ( )
Recall that the curvature H of V is a basic 3-form.

Proposition 4.47. The curvature Hycq € Q3(M,cq) of Vyeq is the 3-form such
that ¢* Hyeq = j*H, where j : p=1(0) — M is the inclusion map.

Proof. We choose a connection F' & Ay = Tu~'(0); as we already know that
j*H is basic, it suffices to show that

Hyea(dgy w1, dgy wo, dg, ws) = H(wi, w2, ws)
for any * € p=1(0) and w; € F, for i = 1,2,3. Let X1, X5, X3 € I'(F) be
invariant sections of I such that X;(r) = w; and extend them to vector fields
X; defined all over M for i = 1,2,3. As V is invariant, it follows that for u € g
and h € b that
IIX(’U,) + d/J“h7 VXi]]‘M’l(()) = V[uMaXi”M*l(O) = V[UM, X] = Oa for i = 17 273
and therefore X; € Linw(K+L). Now, as V is also Kz-admissible, one has

Vyed ¢(Xi) = [VXil,-1(0) + K], fori=1,2,3.

By the construction of the reduced bracket on Theorem 4.45,
[[Vred q+(X1), Vied gx (X2>]] = |: [[VXI, VXQ]] |,u*1(0) + K

and therefore

Hyeq(dge w1, dge wa, dge w3) = grea([Vied ¢+(X1), Vied ¢x(X2)]s Vied ¢:(X3)) g(a)
= g([VX1,VX;],VX3),
= H(Xy, Xy, X3)a
H(wy,wy, w3).

This concludes the proof. O

Remark 4.48. In [11], the problem of giving a description of the Severa class
of E,.q was treated only for the case where u~1(0) = M. Also, the techiques
used there were different from the ones used here.
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Example 4.49 ([11]). Let 7 : P — N be a S! principal bundle and consider
M = P x S' as in Example 4.36. We saw that by choosing a connection form
a and a volume form £ € Q!(S?) then

V= vcam +a A g
is an invariant Kg-admissible splitting for the isotropic lifted action
x(1) = un +¢€

on the standard Courant algebroid. In this case, we can take h = 0 and the
constant map p : M — {0} to have reduction data (x, b, u). Therefore,

-1
Myea = G(O) =N x 8

and the splitting V,..q identifies Fy.cq with (Ecan(Mred), [, J,.,) where

red

Hyea=FNE, FeQ? (N) the curvature form of P.

So if 0 # [F] € H*(N) (e.g., the Hopf bundle $* — S$%), the reduced Courant
algebroid has non-zero Severa class [H,.q| although we started with one (the

standard Courant algebroid) with zero Severa class.

Remark 4.50. Let E be a Courant algebroid over M and consider reduction
data on E given by (x,b,u). Let K C E be the isotropic subbundle (4.23).
Consider the complexification Fc = E ® C together with gc and [-,-]Jc. The
Lie group G acts on E¢ by extending its action G 3 g — ¥, € Aut(E) to the
complexification
V,®id: Ec — Ec.

The subbundles K ® C and K+ ® C of Ec|,-1 (o) are easily seen to be invariant
and one can form the quotient

K+teC
Eoa=teag | ©

which is naturally identified with (Eycq)c = Ereq ® C. This will be important
when reducing generalized complex structures.

4.4 Reduction of Dirac structures.
Let M be a manifold, E a Courant algebroid over M and consider reduction
data (x,bh,u) on E. Let K C E be the isotropic subbundle defined by (4.23).

_ For any point of z € p~'(0), consider the Lagrangian subspace (Ax), of
E,. x (K*+/K), given by (compare with (2.27))

1 4.1 in) KL
(K75~ + Ko) € o x | o

kleKzl}.
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Given L C F a Lagrangian subbundle, we can apply the reduction procedure of
§2.3 to get a Lagrangian subspace of (K+/K), given by (see (2.16) and Lemma
2.28)

L,NKf+ K,

Now, by taking the G-orbit [-] on K+/K, we have a Lagrangian subspace of
(Ered)q(m):
(Lred)s == { [k + K] | Kt € (LN K1), ). (4.29)

We wish to proceed in this way to define a Lagrangian subbundle of E,.4; the
problem with this pointwise definition is that for any other point y in the G-orbit
of z (or, equivalently, y € ¢~*(q(x)) ), one does not have in general

(Lred)z = (Lred)y-

Even if this happens, one has to guarantee that the result is a subbundle of
FErcq. In this section, we shall indicate how to deal with this.

Remark 4.51. These listed problems should be seen as analogues of the dif-
ficulties one has to deal with in order to extend the linear symplectic category
to symplectic manifolds (see [50], Lecture III for a detailed discussion). In this
sense, the kind of hypothesis we are looking for are similar to clean intersection
hypothesis one has to do in the symplectic case.

Definition 4.52. A subbundle L C E is g-invariant if
[x(w), (L)] € (L),

for every u € g. In particular, for ¢ € G its corresponding automorphism
VU, : £ — E preserves L (i.e. Wy(Ly) = Ly, (z))-

Lemma 4.53. If L is a g-invariant Lagrangian subbundle, then for every x €
p1(0) and g € G
(Lred)w = (Lred)lpg(a:)-

Proof. For any x € 1~1(0), to prove that

(Lred)z = (Lred)y,(x)

it suffices to show that

. (Lm NEKE + Kw) _ Lyy@ N Ky, ) + Ky @)
! Ky Ky, @)

where ¥, : K*/K — K /K is the G-action induced by the G-action on E.
This follows immediately from the equivariance of L, K+ and K. O
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Theorem 4.54 (Bursztyn-Cavalcanti-Gualtieri [11]). If L is a g-invariant La-
grangian subbundle of E and L|,-1y N K (or equivalently L|,-1y N K% ) has
constant rank, then

Ly NK++ K
Lyeq = |M © /GCEred

K

1s a Dirac structure on M,.cq.

Proof. First note that for z € p=1(0),
(L, NK,)t =L, + K.

This implies that L|,-19) N K has constant rank if and only if L|,-1(o) + K+
also has. This last condition is equivalent to L|,-1) N K + having constant
rank.

Suppose L|,1(0) N K+ has constant rank. Then as (L|,-1o) N K+ +K), is a
Lagrangian subspace of Ej, it has rank equal to 3 dim(E) = dim(M) for every
@ € p~*(0). Therefore L|,~1() N K+ + K is a subbundle of K+ C E|,-1() and
we can form the quotient bundle over x~1(0):

Lo NKt+ K
= = :

Ly

It is an equivariant subbundle of K+ /K because K, K+ and L| u-1(0) are all
equivariant subbundles of E|,-1(). Consider its quotient by the G action:
Lk /G. It is a subbundle of E,.q. But as we saw in the proof of Lemma 4.53,
for z € u=1(0)

(Lred)z = (LK/G)q(m)

which proves that L,.q is a Lagrangian subbundle of E,.4. As for integrability,
we point to [11] for the original proof (also we will give an alternative proof
using pure spinor techniques in Theorem 5.41). O

Let us give some examples.

Example 4.55. Let F': M — R" be a submersion and let N = F~1(0). Fix a
closed 3-form H € Q3(M). As we saw in Example 4.38, there is a correspond-
ing reduction data (x,R"™, F') on the standard Courant algebroid (TM, [-, ] x),
where x : {0} — I'(TM) is the zero map. The associated isotropic subbundle
K C (TM)|y is

K=Am (TN)={¢£e€T"*"M|x | 77§ =0}, where j: N — M is the inclusion.
The reduced Courant algebroid over N is

Kt TN&eT*M T*M
= © =TN

E.=—=— _
red = 5 = TAnn (TN) © A (TN
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The canonical splitting V is invariant and K-admissible and induces an isomor-
phism
Oy, ¢ Ereq — TNO®T*N
(X, €+ Ann (TN)) — (X,5%¢).
The curvature of V,.q is j*H.
As G = {e} in this case, any Dirac structure L C TM is invariant and if
LN Ann (TN) has constant rank, then (compare with Example 2.38)

LN(TN&T*M)+Ann (TN) LN (TN & T*M)
Ann (TN) ~ LNAnn(TN)

Lred =

We call L,¢q the restriction of L to N and denote it by A?(L). Note that for
x €N,

Tv,.,(Aj(L)e) = {(X,dj7€) € TuN ® TN | dju(X) + € € Lo} = Ay, (L),

red
where Ajj; is the pull-back morphism (2.23).

The next example shows how to fit Marsden-Weinstein reduction [39] in this
setting.

Example 4.56 ([11]). Let (M,w) be a symplectic manifold and let G be a
connected, compact Lie group acting on M in a Hamiltonian fashion, that is,
there exists a moment map p : M — g* for the action (see Example 4.39).
On the H-twisted Courant algebroid TM with [-,-] given by (4.1), there is a
corresponding reduction data (x, g, i), where

x: g — TM
U UM

which integrates to

G — Aut(TM)
PR Wg;((«bé)* (wi)*)

The corresponding isotropic subbundle K C (TM)],-1(g) is given by

1
K = Ay ® Ann (T '(0))

and
Kt Tp '(0) ®Ann(Ay) _ T '(0) Ann (Ag)

K A, 0 Am(Tp1(0) A, © Am(Tu-1(0)

Note that the induced G action on K+ /K preserves this decomposition and
thus induces a decomposition on E,..q4,
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in a sum of Lagrangian subbundles; the second summand is ker (p,.q) and as
we saw (see Remark 4.43) the first summand is isomorphic to T'M,.q. The
canonical splitting V for TM is invariant and K-admissible and the isomorphism
corresponding @y, 1 Ereq — TMyeq @ T M,eq to the induced splitting V,eq

is given for (X,¢) € (T 1(0) ® Ann (Ag))|weu—1(0) by

Ered',l(m) 2> [(Xa 5) + Kz] = (dqm(X)7£red) € (TMred @T*Mred”q(x) 9

where dq:&req = djié, q: 171 (0) — M,.eq is the quotient map and j : p=1(0) —
M is the inclusion as usual.
Let now L C TM be the graph of w € Q*(M),
L={(X,ixw) | X € TM}.

It is fairly easy to check that L is invariant if and only if w is invariant (i.e.
Yyw = w). Also, as

lyy,w = du", for u € g (by definition of u),
one has that
Lluro) N K = {(une(e), du) | u € g, 2 € g (0)},

which has constant rank equal to dim(g) as we assumed that G acts freely on
M. Therefore, by Theorem 4.54,

L, NKt+K
Lred: |IL 1(O)K /G

is a subbundle of E,..q and for z € u=1(0),
Do, (Lred)l gy = (002 (X),Erea) € (TMyed © T Mye)l 10y | (X,6) € (LK),
To finish, just note that as w is invariant and

ixw(uy) = —dp*(X) =0, for X e Tp~*(0) and u € g

one has
Sk ok
J W ={q Wred

for some wyeq € 0%(M,eq). Thus,
Loy N K™ = {(Xixw) | X € T (0))

and therefore

= ufl(O), X € Tz,ufil(o) and
9, ..(Lred) = {(dqw(X)’gTed) dqyp8red = 1xJ W = ligq, (X)Wred
rSred — — Ydqx re

= {(K Z-Y o-)red) | Y e TMred}-
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4.4.1 Reduction of generalized complex structures.

Let E be a Courant algebroid over M and consider reduction data (x, b, ) on
E. The proof of Theorem 4.54 adapts easily to the complexified case. That is,
let L be a Lagrangian subbundle of E¢x = E ® C such that

L|,~1(0) N (Kc) has constant rank

(where K is the subbundle given by (4.23) and K¢ = K ® C). Suppose L is G
invariant (see Remark 4.50), then [11]

L|,~10) N K& + K¢
Lred = ‘,u« © & G C (Ered)(c

Kc

is a Lagrangian subbundle.
In the case L C E¢ is a (almost) generalized complex structure (see Defini-
tion 4.9), i.e.
LNL=0,

one would like to have conditions on L in such a way that L,.q is also a (almost)
generalized complex structure. In [11], it is proved that if

(L|N_l(0) N Ké' + Kc) N (f\u_l(o) N Ké' + K@) C Kc, (4.30)

then L,.q defines a (almost) generalized complex structure on M,..q. A simple
condition ensuring (4.30) is
J(K)=K, (4.31)

where J : EE — E is the bundle map whose +i-eingenbundle is L.



Chapter 5

Spinors: Part 11

This is main chapter of this thesis. In §5.1, given an exact Courant algebroid
over M, we construct the associated Clifford bundle CI(FE, g). Associated to an
isotropic splitting V : TM — FE, there is a representation

Iy : CI(E, g) — End (A*T*M)

constructed as in Chapter 3. Following [4, 24], we explain how the deRham dif-
ferential d : T'(A*T*M) — T'(A*T*M) is connected to the Courant bracket [-, -]
in E, providing, in particular, an alternative approach to integrability of Dirac
structures (see Corollary 5.18). In §5.3, we state and prove the main results.
Theorem 5.29 gives the reduced pure spinor corresponding to the reduction of
Dirac structures explained in §4.4 and Theorem 5.41 provides an alternative
proof of the integrability of the reduced Dirac structure. Finally, in §5.4, we
give some examples. In order to make the thesis self-contained, we choose to
provide the proofs of some known results. We collect them in Appendix C.

5.1 Preliminaries

5.1.1 Clifford bundle

A split-quadratic vector bundle over M is vector bundle E endowed with a
fiberwise symmetric bilinear form g such that (E,, g,) is a split-quadratic vector
space for every x € M (see Definition 2.11). As usual, E can be a real or a
complex vector bundle. In any case, E has always even rank 2n.

Let U C M be an open set and B = {ey, -, ea,} a frame of E over U. We
say that B is a polarized frame if

glei,ej) = diynj-

Lemma 5.1. Given any point x of M, there exists a neighbourhood U over
which there is a polarized frame.

89



90 CHAPTER 5. SPINORS: PART 11

In the following, we denote by O(n,n,F) the group of orthogonal transfor-
mations of (F” & (F™)*, gean) (see Example 2.2) for F =R or C.

Definition 5.2. For a split-quadratic vector bundle (E, g) over M its polarized
frame bundle is the O(n,n,F)-principal bundle Fr(E) over M which in the
point = € M has as its fiber Fr(E), the space of polarized basis of E,.

Let
p:0(n,n,F) — Aut(CI(F" & (F™)*, gean))

be the the representation constructed in Example 3.2 and define the Clifford
bundle as the associated bundle

CUE,g) =Fr(E) x, CU{F" & (F")", goan)-

As p represents O(n,n,F) as automorphisms, every fiber has a Clifford algebra
structure. More precisely,

Cl(Eag)z = Cl(Ezagz)

For every A € O(n,n,F), p(A) restricted to F*@®(F™)* C CU(F"®(F™)*, gean)
(the set of generators) is just A itself. This defines the inclusion E — CI(FE, g)
as the subbundle Fr(E) x, (F* @ (F™)*).

Suppose we have a global polarization | = (L, L’) (i.e. Lagrangian subbun-
dles L and L’ such that F = L @& L’). This defines a reduction (in the sense
of reduction of principal bundles) of Fr(E) to a GL(n,F)-principal bundle P,
where GL(n,F) sits diagonally inside O(n, n,F):

AH(‘S (ATO)1>.

CUE,9) = P Xp|gp 0z CUE™ & (F")", gean).

The representation of GL(n,F) as automorphisms of CI(F" & (F™)*, gcan) pre-
serves the decomposition given by Proposition 3.8 corresponding to the canon-
ical polarization (F™, (F™)*) and therefore defines a decomposition of CI(E, g)
into two subbundles:

In this case,

Cl(E,g) = (L) ® AL

where (L) is the bundle of left ideals generated by L and AL’ is the bundle of
subalgebras generated by L’. As in Proposition 3.9, define a bundle map

I: CUE,q) — End(A°L')
a — praep(a-): AL — AL
B praep(aB)

For every x € M, I, restricted to CI(F, g), gives amap Cl(E,, g,) — End (A°*L.)
which is exactly the representation constructed in §3.1.
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Example 5.3. Let F be an exact Courant algebroid over M. Every isotropic
splitting V : TM — E defines a polarization (VIT'M,T*M) and thus a repre-
sentation

IIy : CI(E,g) — End (A*T*M).
Fore e E,

HV(e) = Z'p(e) + (e - VP(G)) ARE
If B € Q?(M) is a 2-form, the map

Fg: ANT*M — ANT*M
« — eBAa

satisfies (see Example 3.25)
Hv+B(a) oFgp=Fpgo Hv(d), Va e Cl(E,g)

Example 5.4. Let F be a Courant algebroid over M and consider the split-
quadratic (complex) vector bundle (E ® C,gc). Any isotropic splitting V :
TM — FE for E induces a polarization for EQC given by (V(TM)®C, T*M@C)
(see Example 3.12). This gives

Iy gid : Cl(E ®C, gc) — End (/\.T*M ® (C)

which after the proper identifications is just the C-linear extension of Ily :
CIl(E,g) — End (A*T*M).

Example 5.5. Let E be a Courant algebroid over M and N C M be a subman-
ifold. Consider the bundle E|y over N. It inherits a non-degenerate bilinear
form ¢ in each fiber and thus one has the Clifford bundle Ci(E|y, g) over N. It
is not difficult to see that

CU(E|n,g) = CUE, g)|N-
Every isotropic splitting V : TM — E induces a map
V|N :TM|N HE‘N

which gives a decomposition of F|y into two Lagrangian subbundles and thus
gives a representation Iy, : CI(E|y,g) — End (A*T*M|y) which is just the
restriction of Iy to CI(E, g)|n-

Example 5.6. Let E be a Courant algebroid over M and G a compact, con-
nected Lie group acting on M. Consider reduction data (x, b, x) on E and the
corresponding isotropic subbundle K (4.23). Every K-admissible splitting V
induces an isotropic splitting for the exact sequence

Tp ' (0)\" Pk K* pe Tu™'(0)
0— [ ——= _— — —Z
A, K Ag

— 0.
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It thus defines a polarization for (K+ /K, gx) which in turn gives a representa-

tion N ) .
(K o (T (0)

For the quotient map ¢ : 4=1(0) — M, .4, the induced bundle map

Tp~'(0)

dq :
q Ag

- q*TMred
is an isomorphism and the dual map identifies (Tu=*(0)/Aq)* with ¢*T* M, 4.
We will henceforth consider Iy, as a representation of CI(Kt/K,gr) on

N @*T*Myeq. For z € p='(0), b+ + K € (K*+/K), and @ € T}, Myea

Iy, (kL + K)a = idqx(p(kL))a + Sy (kl + K) N, (51)

where sy, (k1 + K) € Ty yyMyeq is such that

(@)
(dgs 0 p)*sv,e (k' + K) = k+ — V.

5.1.2 Cartan calculus on Clifford modules.

Let E be a Courant algebroid over M and let V : TM — E be an isotropic
splitting with curvature H € Q3(M). Consider the induced representation Iy :
CIl(E,g9) — End (A*T*M). The group Aut(E) of automorphisms of E acts on
D(A*T*M) as follows: for (¥,v) € Aut(E), let (¢, B) € Diff (M) x Q*(M)
be its representation given by Proposition 4.16 and define

(¢, B)-a= (") (e B Aa), for a € A°T*M. (5.2)

Remark 5.7. The action (5.2) was first considered in [29] although it is not
clear in their paper from where this action appear.

We shall spend some time explaining how one gets (5.2). From the isotropic
splitting V, we get polarizations (l;), = (VI,M,T;M) of (E,,g,) for every
x € M. The element (¥,1)) € Aut(E) defines a second polarization

(l2)e = (V(VTy-1()M), T; M),

(recall that W preserves T*M). As W, : (Ey, 9z) — (Ey(a); 9u(2)) is an isomor-
phism, it induces an isomorphism of Clifford algebras

Cl(maj) : Cl(EDQQC) — Cl(E¢(I),g¢(I))

that when restricted to A*T; M gives an isomorphism of the Clifford modules
ATy M and A*Tj M corresponding to (I1), and (l2)y(z) respectively (see the
beginning of §3.2). Now, by (4.11) it follows that this isomorphism is exactly

NTyM > o (dyy ) @€ ATy M.
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To get back to the polarization I;, we have to use Proposition 3.23 to obtain an
isomorphism of Cl(Ey(g), gy(x)) modules:

Fl2l1 . /\.T,:Z($)M — /\.TIZ(J)M
by choosing a pure spinor ¢ € /\‘T;(QC)M such that
N (¢) = W(VTM) = 05! (¥, 0 75(T, M)
where the last equality follows from Proposition 4.16. Now, note that
\I’w o TB(TxM) = T(¢71)*B(T¢(w)M).
By (3.15) and Example 3.19, this implies that
Ne(e™@ui) By = (VT M)

and therefore L
Fii, (B) = ei(dww(z)) Be A B.

By composing with CI(W, )| e7: 0, We get:
NTM — ATy M
-1 *
a T AWyl e = (digl) (e P Aa)
which is exactly the action given by (5.2).

Remark 5.8. This construction extends naturally to the complexified setting.
By that we mean the following: consider the extension of (¥,4) € Aut(F) to

EoC X2, pecC

l I

M —Y .

Given an isotropic splitting V : TM — FE, we have a polarization of £ ® C
given by Iy = (V(TM)®C, T*M ® C) which gives T'(A*T*M ® C) the structure
of a Clifford module (see Example 5.4). Using the intermediary polarization
lo = (U(V(TM))®C, T*M @ C), we get an action of (¥,1) on I'(A*T*M ® C)
given by

(T, 9) - (a+if) =¢* (e P na) +ig (e P AB)=9" (e A(a+if))
where a, 3 € T(A*T*M) and B € Q?(M) is such that (4.9) holds.

Let us see how the action (5.2) depends on the splitting. If we change the
splitting V by a 2-form B’ € Q?(M), then we have a corresponding representa-
tion Oy p : CU(E, g) — End (A*T*M). The isomorphism

Fgr: AN*T*M — AN*T*M
e — eB//\a
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intertwines IIy and Iy g/ (see Example 3.25). The action of Aut(E) relative to
V+ B’ takes place on the space of the representation Iy p/. If the pair (¢, B) €
Diff (M) x Q2(M) corresponds to (¥,) via V, then the pair obtained via
V + B’ is given by (see (4.12))

(¢,BI _'(/}*B/ +B>
and therefore the action is given, for a € T(A*T* M), by

o (P (e B YTBEB A ),

We shall prove that F, intertwines the actions corresponding to the different
splitting, that is

Fp(w ™1 (e P Aa)) = (1) (e B ¥ B4 A Fpi(a))
Indeed,

(wfl)* [efB’erz*B’fB A (eB’ /\a) _ (wfl)*(ezp*B’fB /\Oc)
= P AW )
as we wanted.

Still with the isotropic splitting V, given an one-parameter subgroup

(14, B;) € Aut(F) generated by the element (X, B) € Der(FE), one has for
a € T(A*T*M) the infinitesimal action:

(X,B) a:= 4

dt lbf(eBt/\Oz):Eon—FB/\a, for « € T(A*T*M).

t=0
For e € I'(T'M), define the Lie derivative of a € A*T*M along e as

LYa:=ad(®y(e) a=Lxa+ (d —ixH)Aa, (5.3)

where H is the curvature of V and @y (e) = X +¢&.

In the following we shall use the Z-grading of T'(A*T*M) in even and odd
forms and the corresponding theory of super-commutator for its endomorphisms
(see the discussion in end of §3.1). Just as one obtains the Lie bracket of vector
fields from the interior product and the Lie derivative as

ix,y] = [£x,iy], for X, Y € T(TM),

one can derive the Courant bracket from the action of E on A*T*M (induced
from CI(E,g)) and the Lie derivative (5.3) (note that it is an even endomor-
phism). More precisely, we have:

Proposition 5.9 (Alekseev-Xu [4], Hu-Uribe[29]). Let e1,e2 € T'(E) and V be
an isotropic splitting for E. Then

Iy ([e1, e2]) = LY, Ty (e2)]

and

ey

Eﬂvﬁ’lyeﬂ] =Y. LY.
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In this context, there is also a Cartan formula for the Lie derivative as we
now explain. Every representation space A*T*M for CI(FE, g) associated to an
isotropic splitting V with curvature H comes with an odd differential given by

d=d—HA-.

These differentials are intertwined via the isomorphisms Fp given in Example
5.3. More precisely, if B € Q2(M) is a 2-form, then

Fpod¥ =dVtB o Fp. (5.4)
Indeed, one has that
d¥tB =d— (H+dB) A -.
and for a € T(A*T*M)

Fp(dVa)= ePA(da—HAa)
dleBANa)—dBANeBPha—HANeP ANa
(d—(H+dB)A-)eP na

= dv+BFB(Oé).

Proposition 5.10 (Alekseev-Xu [4], Gualtieri[24]). For e € I'(E),
‘cev = [dva HV(e)]

and
[dvv ‘Cev} =0.

Remark 5.11. The Cartan-like identities of Propositions 5.9 and 5.10 extend
to the complexified picture. For the isotropic splitting V, consider the Clifford
module T'(A*T*M ® C) corresponding to V ® id (see Example 5.4). Consider
the C-linear extension of the differential dV

dV :T(A*T*M @ C) — I'(A*T*M ® C).
Then, for ey, ...,es € T'(F), one has
[dV, Tg(er +ied)] = LY, +iLy,
and
[[dV, Ty (e; +ies)], Iy (es +ies)] =y (Jer +ie, ez +ieq]).
Let G be a compact, connected Lie group acting freely on M and x : a —
['(E) be an extended G-action of an exact Courant algebra p : a — g. Consider

V an isotropic splitting for F and let a € T'(A*T*M) and a € a. One has that

L’z(a)a = (ad o x(a)) - a.
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As ad o x(a) = 0 for a € h = ker (p), we can pass to the quotient g = a/h to
define an infinitesimal action of g on A®*T™* M
Y¥: g — End(AT*M)

v (5.5)

uo Ly

As x is bracket-preserving and by Proposition 5.9, one has

_ Vv _ prV _ v \Y _
B([w, v]) = Ly(uen = Lix @ = Exw Lxw] = Ew), Z(0)].

This infinitesimal action integrates to a G-action which is the composition of
G — Aut(E) with (5.2).

Remark 5.12. If y is a lifted G-action and V is invariant, then for u € g,
v
Ly = Lun
and the action of G on the V representation A®*T™* M is just
Gogr (wg*1>*'

5.2 Pure spinors.

Let (E,g) be a split-quadratic vector bundle over M and let [ = (L,L’) be a
polarization of (E,g). Consider the representation

II, : CI(E,g9) — End (A°L')

and let L” be a Lagrangian subbundle of E. For every x € M, Proposition 3.18
gives that there exists a line U'(L”) C A®L!, such that for every ¢ € U'(LY),

Ni(p) ={e€ E; [ TLi(e)p =0} = L".

We claim that U'(L") defines a line bundle over M. Indeed, for each open
neighborhood W over which L” has a frame {e1,...,e,}, U'(L") can be seen
as the kernel of the bundle map

O: /\.L,|W — /\.L/‘W X+ X /\.L/|W (56)

n times

given by ©(a) = (II;(e1)a, ..., II(en)a) (this follows from (3.14)). We call
U'(L") the pure spinor line bundle corresponding to L”.

Example 5.13. Let V be an isotropic splitting for E and consider the repre-
sentation Iy : CI(E,g) — End (A*T*M). For every Lagrangian subbundle L
of E, one has its pure spinor line bundle

UY(L).
If we change the splitting by a 2-form B, then (see Example 5.3)
UYHTE(L) = Fp(UY (L)) = {" Ap | ¢ € UV(L)}.
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Example 5.14. Consider (T M, gcan) and the canonical polarization (T'M, T*M).
For L = T* M, the pure spinor line bundle is given by A*PT*M . It has a global
section if and only if M is orientable.

Example 5.15. Let J : TM — TM be a complex structure on M (see Defini-
tion 4.9) and consider its —i-eigenbundle Ty 1 € TM ® C. As shown in Example
3.21, the pure spinor line bundle corresponding to L =Ty 1 @ T ¢ TM ® C
is

U(L)=A""T*M Cc A\*T*M & C.

Examples 5.14 and 5.15 show that pure spinor line bundles are not always
trivial. In general, one can guarantee only the existence of local sections ¢ of
U'(L") (by local section we mean that there exists a open neighborhood V such
that, for every x € V, one has that 0 # ¢, € U'(L") ).

Example 5.16. Let E be a Courant algebroid and let N C M be a submanifold.
As we saw in Example 5.5, every isotropic splitting V induces a representation

HV\N : CZ(E|N,g) — /\.T*M|N.

To every Lagrangian subbundle L C E|y there corresponds its pure spinor line
bundle UV~ (L). Note that if I = L|y for some Lagrangian subbundle L C E,
then

UVIN(L) = UV (L)|n.

We now give a result from [4, 24] which translates the integrability of La-
grangian subbundles of E into properties of its pure spinor line bundle. It should
be seen as an analogue of Frobenius theorem in the setting of differential ideals.
Thereafter, we study the integrability of invariant Lagrangian subbundles and
give some examples.

Let L C E be a Lagrangian subbundle and ¢ be a local section of U" (L) over
an open neighborhood W. Choose L’ to be any Lagrangian subbundle of E such
that I = (L, L) is a polarization (which exists by Proposition 4.32) and consider
the corresponding spinor bundle A®*L’. Consider the bundle isomorphism

Fi: ALy — AT*Mw
o — Ig(a)e

which is pointwise the isomorphism of Proposition 3.23.

Proposition 5.17 ([4, 24]). One has that

T=F'da) e PALw. (5.7)
i<3

Moreover, its degree 2 component is zero and, for any sections ey, eqa,es € T'(L),

i(e1 Aea Ae3)T = glex, ez, e3]) - (5.8)
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Corollary 5.18 ([4, 24]). L is integrable if and only if
dV(UY(L)) c Uy (L) UV (L).

Example 5.19. Let E be TM with the standard Courant bracket (4.1) and
consider a 2-form w € Q2(M). As we saw, its graph

Graph (w) = {(X,ixw) | X €e TM}

is a Lagrangian subbundle of F. It has T*M as a Lagrangian complement;
thus, the obstruction to the integrability of Graph (w) is a section T of T*M
with components only in degree 1 and 3. The canonical splitting V., has zero
curvature and therefore

dVer = d.
Now, ¢ = e~ ¢ is a section of U(Graph (w)) and
de ™ = —dwNe ™.

Therefore, the degree 1 component T € I'(T* M) is zero and the degree 3 com-
ponent is —dw.

Example 5.20. Let A C T'M be a subbundle and consider
L=A®Ann(A)CTM.

It is a Lagrangian subbundle and its pure spinor line bundle U(L) relative to
the canonical polarization is given by det(Ann(A)) € T*M. Let V be an
open neighborhood of M such that there is a frame {X1,--- , X,,} of TM with
{X1,---,X,} a frame for A. Consider the dual frame {¢!,...,£"} C T*M over
V. The subbundle L’ of TM]|y, generated by {X,11,...,X,, ..., €} is a
Lagrangian complement to L|V and

Q=T A A eT(U(L)]y).

Thus, one has
dQ =T1I(T)Q, for some T € ['(A*L).

It is straightforward to check that T has degree 1 component given by

YToy= >, &(XeX)¢

1<j<r<k<n

and the degree 3 component is given by

T = Z ([ Xn, X5]) X NG N ER

1<j, k<r<i<n
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Example 5.21. Let M be a m-dimensional smooth manifold and let = €
[(A2TM) be a bivector field with its corresponding bundle map

. T"M — TM
& — g T
Consider the Lagrangian subbundle of TM given by
Ly = Graph () = {(4(€),€) | € € T"M}.

In [17], it is proved that 7 is Poisson (i.e. [m, 7] = 0, where [-, -] is the Schouten
bracket on multivector fields) if and only if L, is involutive under the standard
Courant bracket [-, -] given by (4.1). Over a neighborhood U over which there
is a section v of AMT* M,

Il
~
®
|
3
<
Il
(]2
T
[
~—
o
~
E
A

¥

is a local section of the pure spinor line bundle U(L) C A*T*M by Example
3.26. The fact that L, N TM = 0 implies that TM @ L, = TM. Hence, by
Proposition 5.17, there exists Y1) € D(T'M|y) and Y3 € [(APTM|y) such
that

dop = H(T(l) + T(g)) ©. (5.9)

Looking the degree m — 1 part of (5.9), one has that
dizv = 7’L'T(1>l/.

This is the defining equation for X, the modular vector field of m with respect
to v [51]. Also, it can be proven (see [23]) that

so that

In the rest of this section, we fix an isotropic splitting V for E with cur-
vature H € Q3(M) and consider the representation space A*T*M for Cl(E, g)
associated to V (see Example 5.3). Let G be a compact, connected Lie group
acting freely on M and consider an isotropic lifted G-action x : g — T'(E).
Let L C FE be a Lagrangian subbundle and consider its pure spinor line bundle
UV (L) C AN*T*M.

Proposition 5.22. L is an invariant subbundle of E if and only if for every
open neighborhood W of M and every section o € T(UY (L)|w)

(EXU)@)w cUY(L,), Ve €W andVu € g.

In this case, UV (L) is a G-equivariant line bundle over M.



100 CHAPTER 5. SPINORS: PART 11

Proof. Let W be an open neighborhood where UV (L) has a local section ¢ and
let e € T'(L). For every u € g, we have from Proposition 5.9

Iy (e) Ef(u) p = _[E)Y(u)v Iy (e)] ¢ + ‘C)Y(u) Iy (e) p = ~My ([x(u),e]) »,

as Iy (e)p = 0. Now, if L is invariant, then (see definition 4.52)

[x(u),e] € T(L)

and therefore
Iy (e) LY ¢ = 0.

Choosing a frame {ey, ..., e, } for L over W (or maybe a smaller neighborhood)
and considering the map O from (5.6) one has that @(ﬁg(u)go) = 0 and therefore
Ez(u)go € F(UV(L){W). Conversely, if Eg(u)go is a section of UV (L) over W,
then

Iy ([x(w),e]) ¢ =0

which implies that [x(u),e]lw € I'(L|w). By covering M with open neighbor-
hood in which UV (L) has local sections, one proves that

[x(w),e] € T(L).

As e € I'(L) and u € g are arbitrary, it follows that L is invariant.
As for the last statement, recall (see the end of §5.1) that the infinitesimal
action
g3 ur— LY, €End(AT*M)

integrates for a G-action. Due to the connectedness of G, the infinitesimal
invariance of UV (L) is sufficient to guarantee that it is globally invariant. [

Remark 5.23. The proof of Proposition 5.22 extends to the complexification
E ® C. One has to extend the action of G to F ® C (see Remark 4.50) and to
consider the C-linear extension of LY, , to I'(A*T*M ® C). Then, as observed
in Remark 5.11, Propositions 5.9 and 5.10 extend to this case, thus giving that
a complex subbundle L C F ® C is invariant if and only if its pure spinor line
UVOd(L) C A*T*M ® C is invariant (see Remark 5.8).

Remark 5.24. We shall need a general result from G-equivariant fiber bundles
over M. The important property here is that G acts freely on M; this implies
that all these bundles have invariant sections over some invariant open neighbor-
hoods. The idea is that for a G-equivariant fiber bundle P — M, one can form
the quotient bundle P/G over M /G and sections for P/G over a neighborhood
V such that

¢ (V) =2V x G, where ¢ : M — M/G is the quotient map

induces naturally invariant sections for P over ¢~*(V).



5.2. PURE SPINORS. 101

We will specialize Proposition 5.17 to invariant polarization of E; this will be
important to prove Theorem 5.41. So let I = (L, L") be an invariant polarization
of E. Extend the action of G on L’ to its exterior algebra by the natural
extensions

AU, AL — AL, for g€ G

and consider the corresponding infinitesimal action given for u € g by
k
C;(u)(el AN Neg) = Zel A Alx(u),e] A+ Aeg, fores,..., ep € T(L).
i=1

and
‘C;(u)f = E’UJ\J f7 for f € F(/\OL/) = COO(M)

Observe that L; (w) is an even derivation of A*L’ for every u € g.

Remark 5.25. If V is invariant, consider the invariant polarization ! = (VT'M,T*M).
In this case, for u € g

l _ pV
Loty = £xw)

=L

UM

Lemma 5.26. Let | = (L, L") be an invariant polarization. For o € T'(A®L')
and u € g,

(LY 0wy Ty (@)] = Ty (£ ().

Proof. We shall prove it by induction on the degree of «. For degree 0, both
sides equal L,,,,a A - . For degree 1, the equality follows from Proposition 5.9.
Now, suppose it holds for degree k and let o has degree k + 1. Locally, a can
be written as

= om Aaq),

where gy has degree k and « ;) has degree 1. Thus,

LCZ(“)’ HV(Q)] = Ez(u)ﬂv(a(k) N a(l)) - Hv(a(k))[,z(u)ﬂv(a(l))

+Hv(a(k))£¥(u)ﬂv(a(1)) — Hv(a(k) A a(l))ﬁi(u)
(£ - T ()] v (ery) + Tl (eny) [£): T ()]
I (L] () v (aqy) + v (am) ) v (£, @)

O

Proposition 5.27. Let | = (L, L") be an invariant polarization of E. If ¢ €
L(UY(L)|y) is an invariant section of the pure spinor line bundle of L over V,
then the section T € T'(A*L’|y,) defined by (5.7) is invariant, i.e.

E;(U)T =0, for every u € g.
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Proof. Let V be an invariant open neighborhood of M over which there is an
invariant section ¢ of UV(L) and let T € T'(A®L’|y) be given by (5.7). By
Proposition 5.10 and the fact that ¢ is invariant, one has for u € g

\Y4 V. . _ 3V pV \Y4 \% _
L@ ¢ =d" Ly +[Lyw), a7 lp=0.
Thus,
LYy (T)p = 0.

Now, by Lemma 5.26 and again by the invariance of ¢,

0= ‘C)Y(u)HV(T)QD = HV(TMZ(U)‘P + Hv(ﬁi((u)T)sﬁ = Hv(ﬁi((u)r)% (5.10)

As
Fi: AL > a—Tly(a)p € N°T*M

is an isomorphism, equation 5.10 implies that

l —
Ly =0

as we wanted to proof. O

Remark 5.28. Let u € g; as [,; ) breserves the Z-degree of A°*L', it follows
that both the components of degree 1 and 3 of T are also invariant.

5.3 Reduction of pure spinors.

In this section we prove the main theorem describing the spinor of the reduced
Dirac structure of Theorem 4.54.

5.3.1 Main theorem.

Let us recall the setting. Let M be a smooth manifold and G a compact,
connected Lie group acting freely on M. Over M, there is a Courant algebroid
E on which we have reduction data (, 1, h) and consider its associated isotropic
subbundle K C E|,-1(g) (see (4.23)). Fix an invariant K-admissible splitting
V for E and let Vi be the induced splitting for K+ /K (see (4.27)). Consider
the induced representations

Iy : CI(E,g) — End (A*T*M)

and
1

K
Iy, : Cl <K7 gK> — End (/\.q*TMred)

constructed in Examples 5.3 and 5.6 respectively.

Let L C E be an invariant Lagrangian subbundle such that L[,-1) N K
has constant rank and let L,.q C F,.q be the reduced Lagrangian subbundle
of Theorem 4.54. As L|,-1() N K is an equivariant isotropic subbundle of
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E|,-1(0), there exists (by Proposition 4.32) an equivariant isotropic subbundle
D C E|,-1(p) such that

L|H71(0) NK @ l)l = E|#71(0).

Theorem 5.29. Let W C p~1(0) be an invariant open neighborhood over which
there is an invariant local section ¢ of UY(L)|,-1(0) and an invariant frame
{dy,...,d.} of D. Then

Pred = q*(J*HV(dl e dr)@) (511)

is a local section of UV r<d(Lyeq) over W/G.

Remark 5.30. If V: TM — E is a general invariant isotropic splitting, then
any invariant K-admissible isotropic splitting V' is given by

V'=V+ B,

for a uniquely defined invariant 2-form B satisfying (4.21). In this case, given
an invariant section ¢ of UV (L) over an invariant neighborhood W C p~1(0),
eP A p is an invariant section of UV+5 (L) (see Example 3.25). By (3.18) and
Theorem 5.29,

red = G 0§ (Myp(di - d)(e” A ) = g0 5" (7 Nly(dy -+ dr)g)

is a section of UvrBed(Lred) over W/G, where VE | = (V + B),cq. This is the
general formula (1.12) in the introduction.

Remark 5.31. If UV (L) has an invariant global section ¢, then a sufficient
condition for UVred (Lreq) to have a global section is the existence of a global
frame for D. If this happens, then formula (5.11) defines a global section for
UVred(Lyeq). Observe that D has a global frame if and only if L|,—1 ) N K also
has.

Before proving Theorem 5.29, let us make some observations. First note
that

YD = HV(dl .. dr)ﬁp

is a section of U (L|,-1(y N D+ + D) over W (this follows from Proposition
3.41).

Lemma 5.32. ¢p is invariant.
Proof. Let d; € I'(E) be extensions of d;, for ¢ = 1,...,r. For x € W, by

Proposition 5.9,

(L¥ep)e = Yoy (i) [x(w), d](@)...dr(@) ) ¢
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As ¢ is invariant, [,X(u)go =0 and as d; is invariant,

[x(w),d;](z) =0, fori=1,... 7.
O

As Lp = L|,~1(0yND*+D is an invariant Lagrangian subbundle of E|,-1 o
satisfying
LpNK =0 and (LD)red = Lyed
(see Proposition 3.40), we can suppose, without loss of generality that L|,-1(9)N
K =0 by changing L|,-1(g) with Lp and ¢ with ¢p respectively.
Let x € p=*(0). As V : T,M — E, is K,-admissible, Corollary 2.37 gives
that

L,NK:+K,
e TR,

Txu‘1(0)>@(Txu‘1(0)>*

where as usual ¢ : p71(0) — Myeq and j : p=1(0) — M. As L, N K, = 0,
Proposition 3.35 together with Remark 3.37 gives that

91 = C(;I (d];gﬁm) S /\.T;(m)Mred (512)
is non-zero and it is a pure spinor such that

L.NK:Q+ K,
NVK(9x> = K—7
xr

where Cs, + A*Typu=1(0) — AT, M;eq is the map (3.25) corresponding to
some element §, € det(Ag ).

Lemma 5.33. Let V,..q be the splitting for E,.q induced from V (see (4.28))
and consider the corresponding representation:

Hv'red : CZ(ET'eda gred) — End (/\.T*Mred) .

If L|y-10)NK =0, then 0 # 0, € /\‘T;(I)Mred given by (5.12) is a pure spinor
for Cl(Ered, gred)q(z) and (see (4.29))

ered (ez) = (Lred)x- (513)

We postpone the proof of Lemma 5.33 to the end of the section.
As V is invariant, the action of G on the V representation A*T*M is given
by (4-1)*, for g € G (see Remark 5.12). As ¢ is invariant, we have that

Ygrp = .
Let y = ¢4(z) € p~1(0) and define
5y = (dg)2), 02 € A" Ty~ 1(0) (5.14)

(by abuse of notation, we keep calling tg],-1(0y : £~ (0) — p~1(0) by 1).
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Lemma 5.34. One has that
dy € det(Ag, )

and
0y = Cs,(djy ¢y) = 0a,
where 0, was defined by (5.12).

We also postpone the proof of Lemma 5.34 to the end of the section
If we have a section §,-1(g) of the bundle det(Ag) C A*Tp~*(0) such that

(U{q)*%fl(o) = 5#*1(0% Vg € G;
then we can define a bundle map
.oa® x o —1
Cs, 1)+ A T 07H(0)]

w q* N® T*Mred|w

and a section 6 of ¢* A® T* M,.q over VW defined by
0. =Cs, ., (diz pz) € N TypyMrea
for x € W such that
(1) 6, #0;
(2) Nv,_,(02) = (Lyea)s (by Lemma 5.33);
(3) 0 is constant along the G-orbits (by Lemma 5.34).

In this case, Theorem 5.29 will be proved if we can prove that, for every x € W,
there exists A, € R\{0} such that

Pred, q(z) = Az Oy (515>

Proof of Theorem 5.29. Let us first show how to define an invariant section
d,-1(0) of det(Ag). To this end, choose 0 € det(g) and define

6H_1(0) =A"2(9)

where ¥ : g — I'(Tu1(0)) is the infinitesimal action, A"Y is the natural exten-
sion to A"g and n = dim(G). By the well-known relation

(1hg)«X =X 0 Ady-1, for g € G,

one has that
(¢g)*(5#—1(0) = det(Adg—l) 6#’1(0)

and as G is connected and compact,

det(Ady,-1) =1, Vg € G.
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This shows that d,,-1(g) is invariant.
Now, relation (5.15) between 6 and ¢4 is given by a integration map (see

(B.2))

T(q* A* T*Myeq) — D(A*T*M,eq)
S C(A*T*u=1(0)) — T(g* A® T*M,.q) is exactly
the operation of push-forward of differential forms (see the Appendix B and
specially Remark B.2):

which composed with C(su

¢ : TN T* ™ 1(0)) — T(AT* Myea).

More precisely, for = € u=1(0),

Pred, q(z) = (L VL) 0z

where v” is the left invariant volume form on G generated by v € det(g*) dual
to ¢ € det(g). O

Remark 5.35. Theorem 5.29 extends naturally to the complexification F ®
C taking the appropriate C-linear extensions. As we saw in §4.4.1, given an
invariant complex Dirac structure L C E ® C on M, its reduction is

Ll,~10) N K¢ + K¢
K¢ ’

Lred =

where K¢ = K ® C and K C E is the isotropic subbundle (4.23) correspond-
ing to the reduction data (x, b, ) on E. After choosing an invariant isotropic
subbundle D C E ® C such that

L|M_1(0) NKced D= E|M_1(0)7

and an invariant local section of UV®d(L) C A*T*M ® C (see Example 5.4),
where V is an invariant K-admissible splitting, one has that

Pred = g« (J* HV@id(dl e dr)@)

is a local section of UVred®id(L, ;) C A*T*M,cq ® C, where {di,...,d,} is a
local frame for D and ¢, j* are the C-linear extension of the respective real
maps (see the discussion on Remark 3.39).

Let us now close this section with the proofs of Lemmas 5.33 and 5.34.

Proof of Lemma 5.33. The fact that 0, # 0 follows from Theorem 3.35. It
remains to prove (5.13), i.e.

Iy, (k" + K))0, =0

red

for every [k + K] € (Lyed)s- Fix ki € (LN K*),; using that

prea((ki + K1) = dqu (p(k1)) € Ty(nyMyea,
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we have

g, ([ + K)o = iyt 1702 + 59,00 (1 + K]) A0,

: 5.16
Gdgy (o) 0z + 59,00 (ki + K]) A by, (5.16)

where sy, ,([ki + K]) € T*

q(m)Mred is such that

Do,k K) = [k 4+ K] — Vyeaprea((k + K1) = [k — Vp(k) + K].
By comparing (5.16) with (5.1),
Ny (ki + K)0y = igq, (o) 0z + 59, (ki + K) A by,
where sy, (ki + K) € T;(I)de is such that

(dgz 0 p)* sy (ki + K) = k* — Vp(k*),
the result will follow if we prove that
5,4 ([k1 + K]) = sv,c (ki + K). (5.17)
Indeed, by Theorem 3.35, we already now that
Iy, (ki + K)f, =0

because ki + K € (L, N K- + K,)/K,. Now, to prove (5.17), let k3 € K.
Then
Gred(Peq 5V i (le + K), [kQL + K])
= g, (p(hd )5V i (K1 + K)
= g((d%: op>*SVK (k/’ll + K)> k"QL)
= g(ki — Vp(ki), k3')
= gred([kf_ - Vp(kf_) + K}v [ké_ + K])
and as greq is non-degenerate and p_, : T;(I)Mred — (Ered)q(a:) is injective, the
result follows. O

Proof of Lemma 5.34. Let 6, be defined by (5.14). As (dig), sends Ag , iso-
morphically to Ag ,, its action on multivectors ((dipg)s)« sends det(Ag ) to
det(Ag, ). Therefore, §, € det(Ag, ).

Now, for v @ vy € det(Tx,UJil(O)) ® det(T;(w)

M,cq) such that
51 = *1dq;l/2 = idq;ug 1551

one has that
Cs, = %20 (dgy)« 0 %1
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(see Remark 3.37). We claim that, for v = ((dvpg).)«v1 € det(T,n=1(0)),
Oy = Gdgzu, V-
Indeed,
iaggs V1 = ((dg))« ian,)s dagwe V1 = (dWg)2)xldgzus V1 = ((dWg)a)s 0 = 0.

The star map *; : Ty =" (0) — T, " (0) associated to vf sends dj @, to

*/1 (d];@y) = idj;%’y ((dd}g)az)* 1551 ((d'l/}g)m)* i(dwg);dj;@y %414
((dg)a)« idjz . 1

((dd]g)x)* *1 (djzpz).

and therefore

Oy = Co,(digpy) = 20 (day) 0% (dijpy) =20 (day 0 (Athg)a). o *1(dji i)
= %9 O (dqx)* O *1 (dj;(,@z)
= Cs, (djzpz)
= 0,.

5.3.2 Integrability

We now focus on the integrability of L,.q. We follow a different, more involved
approach than the original one [11]. We choose to give this prove as it shows
the flexibility of the pertubative method (see §3.2.3) in tackling the integrability
problem just in terms of pure spinors. We also hope that this method allows
future applications as the obstruction to integrability as a section of some exte-
rior algebra bundle (see Proposition 5.17) carries geometric information and it
could be useful to see how it reduces.
Let D C E| u—1(0) be an invariant isotropic subbundle such that

L|u—1(0)mK@D:E|M—1(O)~ (518)

To study the integrability of L,.q via pure spinors, it is necessary to have a
Lagrangian complement to it. We will find it by reducing a suitable complement
to Lp = L|,-1(0)N D+ D. To calculate the obstruction to integrability, it will
be necessary to truncate the reduction at a first level: the restriction of Dirac
structures as seen in Example 4.55 (this corresponds to the first factor in the
factorization of the quotient morphism given by Proposition 2.35). We analyze
the obstruction to integrability at this level and conclude the proof by using
well-known properties of the push-forward of differential forms.
Let us first choose a complement to Lp. Begin by noticing that

Kp=KnD'aD (5.19)

is an invariant isotropic subbundle of E|,-1() such that L " Kp = 0. By
Proposition 4.34, there exists an invariant Lagrangian complement L' C E|,-1(q)
to L[,-1(gy such that Kp C L'.
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Proposition 5.36. The invariant subbundle of E|,-1 (),
Li =L N(L|~10) N K)" & L|,-10) N K (5.20)
s an tnvariant Lagrangian complement to Lp such that K C Ly. Moreover,
(L1)red © Lyea = Ered-
Proof. First note that by (5.18), one has
Ll-10) = (Llu-1(0) N K) @ (L]-10) N D).

Similarly, from E|,-1(9) = (L|,~1(0) N K)* ® D and the fact that D C L’ from
construction, one obtains

L'=LN(Ll,~1NK)"®D.
Hence,

E|H_1(0) = Lol

= (L|#71(0) NK)® (L‘H—l(o) N DJ‘)} S [L/ N (L|#71(0) N K)J‘ ¥ D]
Ll,~10)N D+ + D] + [L' N (L] =100y N K)* + L|,-10) N K]
Lp+ L

which proves that L; is a Lagrangian complement to Lp. It is invariant because
L', L and K are all invariant. To prove that K C Ly, note that by (5.18)

K = (L1 N K)® KnD*

and then it suffices to prove that K N D+ C L;. By construction, we know that
KN D+ c L/; also,

KnD* c Kt ¢ L|#71(0)+KJ‘ :(L|H71(O)QK)J‘

and hence K N D+ C L' N (L|,-10) N K)* C L.

Consider the two Lagrangian subbundles of E,.cq: Lyeq and (Ly)ycq (observe
that we can reduce L as it is invariant and L; N K = K has constant rank). To
prove that E,..q is their direct sum it suffices to prove that Lyeq N (L1)req = 0.
First note that

(LpNK*+K)N(LiNnK++K)= (L, yNK*+K)NL =K

where we used that Lp N K+ + K = L[,-1(9) N K+ 4 K (see Proposition 3.40)
and that K C Ly. Thus,

LpnK' + K\ (LinK"+ K\ _
K K -

which is sufficient to prove Lyeq N (L1)red = 0. O
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From now on, fix an invariant open set W of p~1(0) over which there is an
invariant local section ¢ of UV (L)|yy and an invariant frame {d;,...,d,} of D.
As we saw in Theorem 5.29,

Pred = qx (]*@D) € F(Uvred (Lred)’W/G)’

where ¢p = wal(o) (di---d,) p. Recall from Proposition 4.47 that the cur-
vature of the reduced splitting V,eq is Hyeq € Q3(M) such that ¢*Hyeq = j*H.

Now (see Proposition B.3 and Proposition B.4),

dH, .. Pred = @(dg H,.. 3" ¢D) = ¢:(dj=m j*¥D)- (5.21)

By Proposition 5.17 and Lemma 5.36, there exists a section Y,eq of (L1)peq @
A3(L1)req over W/G such that

dHTed Pred = vad (Tred)ﬁareaﬁ

We shall prove that L,..q4 is integrable by proving that the degree 3 component
of T,.q is zero if L is integrable.

First note that on the j* H-twisted Courant algebroid Tu=1(0) & T*u~1(0),
there is an isotropic lifted G-action given by

(o), o
0 (”’*9';1—1(0))

(note that |} 1) j*H = j*H because V is invariant).

Before we proceed, let us make it clear our strategy. The Lagrangian sub-
bundles Lp, Ly C El,-1(0) will induce an invariant polarization of Tpu~*(0) &
T*u=1(0) which we shall use to analyse d;-g j*¢p via Proposition 5.17. The
careful choice of Ly will allow us to relate the integrability of L to that of L,.q
after a series of lemmata.

Consider ®v(Lp), ®v(L1) C (T'M & T*M)|,-1(0); one has that

G> gr— \Ijg‘u—l(O) =

&g (Lp) N Ann (Tp~*(0)) =0 and Ann (Tp1(0)) C @ (L)

and therefore they can be restricted to p~1(0) (see Example 4.55) to define
Lagrangian subbundles of Tu=1(0) & T*u~1(0):

n=1(0)

Ly  :=A{(®v(Lp)) and L}

(0

)
Lemma 5.37. [; = (L‘lr “. Lg <O)) is an invariant polarization of Tp=1(0) ®
T*u=1(0). Moreover, there exists a bundle map over u=1(0)

IO

0:L1 — L (5.22)
such that for x € u=1(0), e € (L1), and o € N*TF M,

dj; Iy (e)a = Tl(e(e)) dj; . (5.23)
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—1
Proof. We first prove that [ is a polarization; for this, it suffices to show Li “n

)

L, =0. Let 7z € p=1(0), X € T,p=(0) and & € T~ (0) such that

w~t(0)

1
X+eet “nry ..

This is equivalent to the existence of 71,712 € 10 M such that djim = djine =&
and
djz(X) +m € Py (L1) and djz (X) + 12 € Pv(Lp).

Now, 72 —m1 € Ann (T~ *(0)) C @v(L1) (because K C Ly) and therefore
dju(X) + 12 = dju (X) +m1 + (N2 —m) € Pv(L1) NPy (Lp) =0

which implies that X = ¢ = 0.
To prove invariance, first observe that as V is an invariant splitting, & (Lp)
and @y (L) are both invariant under the G-action on (TM)],-1(y given by

Gogr ( wg)* (wi)* )

i

Let z € p=1(0) and X + ¢ € (L’lfl(o))m. Consider

Uylur(0) (X +8) = (dglm10)e X+ (g1 10))y 1,1 )0 €

One has to prove that it belongs to Afij,d, .
g(z

exists 7 € Ty M such that djin = £ and

(v (L1)y,(z))- By assumption, there

djz(X) +n € Pv(L1)e-
By the invariance of L1, one has that

(d¥g)odjn (X) + (dg=1) 3, ()1 € P (L) sy ()
But, by definition
(dwg)zdjz(X) = dng(m)(dwg‘u—l(o))w(X)
and consequently,

4, () (g2 )5, ()1 = (g1 |10)) 1,21 0y 0) Ui = (g s 0)) T gy ) €

(

-1
This concludes the proof of the invariance of L‘{ ” The same argument applies

O
to L
Consider the isotropic subbundle Ann (T ~1(0)) C (TM)],-1(0) and its or-
thogonal
(Ann (Tu_l(O)))L =Tp " (0)®T*M|,-1(0)-
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Define the bundle map over p~1(0)

Ty (0) & T M0y — T~ (0) & T (0)

djz(X) + ¢ — X +djie (5.24)

Now, g is just the composition of &y with the restriction of (5.24) to ®v(L1)
(note that Ann (Tu1(0)) C v (L1) C (Ann (Tp~'(0)))*). Equation (5.23) is
an easy consequence of formula (3.22). O

Remark 5.38. The fact that K C Ly implies that Ag & Ann (Tu='(0)) C
Oy (L) (using that V is K-admissible). Applying ¢ to @ (K) shows that

n= L)
Ag C Ly

where by abuse of notation A, € T ~1(0)). Consequently,
g

n~1(0)

L, C Tp '(0)® Ann(4,).

The section j*pp of A*T*u~1(0)|yy is a pure spinor for CU(Tp=1(0) @
T*u=1(0), gean) such that

)
Ulep) =L
It is straightforward to check that it is invariant. Using the invariant polarization
L71 -1 . . . -1 -1
Iy = (L] “. Ly (0>)’ one can find an invariant section Y " of ALy @

over W such that (see Props. 5.17 and 5.27)

. TN
dj=g j op =11 T J¢p.

(0)

—1
To relate the integrability of L to properties of T" we shall need an extension

lemma.

Lemma 5.39. For every x € u~*(0), there is an open neighborhood V of
inside M over which we can extend D to an isotropic subbundle D C E|y such
that

L|V ND=0.

Proof. Let U C M be an open neighborhood of x on which there are coordinates
x1,- -, o, such that p=1(0) NU is given by

Tyl = =2, =0,8 <n.

We can also suppose that there is a polarized frame {ey,...,ea,} for E defined
over U (see §5.1) such that {e1,...,e,} spans L]y and that D has a frame
{d},...,d.} over UNp~1(0). Call L” the Lagrangian subbundle of E|;; spanned
by {€n+t1,-..,€2,}. Write

2n
di(x1,...,15) = Zaf(xl,...,x‘g)ek(xl, ..., 2s,0), for af e C*(R?).
k=1
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The fact that D is isotropic translates to

=0 (5.25)

11 12 11 i2

n
E ak a™tk 4 gktrgk
k=1

for every 1 <y, ip < 7. Also, DN L|,-1() = 0 translates to the fact that the
r X n matrix
(a,’f;lgigr,nngQn)

has rank r. Therefore, if we define d’; € T(E|y) by

2n

d'i(z1,...,2,) = Zaf(:ﬁ, s ms)er(T1, .., Tn)
k=1

then they span a r-dimensional subbundle D of El|;; which satisfies
Dn L‘u =0 and D'Z/{ﬂufl(o) =D.
Also, it is isotropic, because

n
_ k n+k k+n k
= E ag, G, —|—ai1 ag,
(1,00 n)

g(d/il ) d/iz)

k=1

Let y € W and consider the open neighborhood V C M of y given in Lemma
5.39. We can suppose that VN~ (0) € W and that there is a frame {dy, ..., d, }
of D over V extending the frame {di,...,d,} of D (by possibly shrinking V).
So define

¢ =1Ily(dy---dp)p € T(NT*M]y).
It satisfies
95|Vrnr1(0) = (pD|Vﬁu*1(0) and NV(SZ’) =Llyn Dt +D.

Now, by going through the proof of Proposition 5.17, one can check that there
exists a section T of Ly & A3L; over VN pu~1(0) such that

(da@)lvau-10) = Ov(T) ¢p.

Moreover, by considering the representation of I1;, : CI(E|,-1(0y,9) — End (A®Ly)
corresponding to the polarization I = (Lp,L;), one has that for sections
e1,e2,e3 of Lp over VN u=1(0),

115, (61 Nea A 63)T(3) = g([[él,ég]], €3),

where & € I'(L|yN D+ +D) is an extension of e; for i = 1,2,3. Over VN~ *(0),
one has
=1II(Ao(Y))j*¢p, by Equation 5.23,
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1
where Ag: A®L; — AL} @

fore, over V N u~1(0),

is the natural extension of g (see (5.22)). There-

n~1(0)

T = o (T). (5.26)

Consider the decomposition

WL = @) N (LN o) © 15y )
0<i<3

Lemma 5.40. If L s integrable, then Y3y has no component on
A3 (L/ n (L|H71(0) N K)L)

Proof. First observe that under the identification of Ly with L7, via the bilinear
form g, one has

L'n (L|#71(0) N K)J' = (L|#71(0) N DJ‘)*

and
L|,-10)N K = D*.

Indeed, from the fact that Lp @© Ly = E|,-1(g) one has that
E|u*1(0) =L'nN (L‘H—l(o) N I()l D (L|H—1(0) @ D).

By observing that L|,-1() ® D = (L|,-1() N D*)*, one obtains the first iden-
tification. The second identity follows from (L|,-1) N K) & D+ = E|,-1(g)-
Therefore, to prove the Lemma, one has to prove that

I (e; Aea A 63)T(3) =0,

for eq, eq, €3 € L|#71(0) N D+. So choose extensions é;, é;, é5 € Ly N D+ and
then
Hl(€1 A WA 63)T(3) = g([[él, 52]], é3) =0

because L is integrable. O

Theorem 5.41. If L is integrable, then L,.q is integrable.

Proof. We first show that q*(H(T'(g)l(o) )i*ep) = 0. Indeed, let x € W and
0 € det(g); it follows from Remark B.2 that if for every y € G - z,

PO

(II(Y )i*en)| =0, (5.27)

then
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B O)

. -1
Let {uy,...,un} €gand iy = (L}, ', L} ); by Proposition 3.23,

. - - ORI
s Xy )t op =TI (Hh ((wn)ar A+~ A (un)ar) Yo >J b

(and hence by Remark 5.38)

o)\ L,
:H((Ul)M/\"'/\(Un)M/\Tuiz) O)J ¥D-

Now, for every y € G -z, there is a neighborhood V C M of y such that over
VN p~1(0) € W there is a section Y of A®L; such that (5.26) holds. Now, by
Lemma 5.40, if L is integrable, then

T is section of @ A (L' (L =10y N K)') @ AL -1 0) N K)
0<i<3
over VN p~1(0); as o( L|,~1(0) N K') C Ay (see Remark 5.38), it follows that
that
n=10)
(u)m A A(un)m A5 " =0
over VN p~1(0) and hence, by Remark 3.38, equation (5.27) holds.
Now, let X € (T~ tw) and € € T'(T*~1(0)|w) such that

)

BRI(O)
X+&=04 €Dy |w).

1 .. . .
As Y s invariant, it follows that for every u € g,

0= [un, X +&on = [un, X]+ Loy § +ixiu, j H
= [UMa X] + Loy €+ ixtuy @ Hrea (5'28)
= [UM’ X] + £U«M§'

Therefore [ups, X| = 0 for every ups € g and hence there is a well-defined vector
field Xyeq € I'(T'Myealw /) which is g-related to X. Also, as (see Remark 5.38)

—1(

L e Tp'(0) @ Ann (Ag)

it follows that 4,,,§ = 0 and from (5.28) L,,,§ = 0 for u € g. Therefore, there
exists &req € T(T* Myedlw /) such that ¢*&.cq = £ Summing up, we have

wTL)y .

)i* D)
I (O
= q*(H(Tu) )i*ep) (5.29)
= q(ixj D +ENJ*eD)
= Z.Xred Pred + gred A Pred

AH,eaPrea = @(djuj op) = q.(I(T

where in the last equality we used Props. B.4 and B.5. To finish the proof, note
that for every x € W

1)
)

(Xrea + §7’€d)‘q(w) € Mg, (L/I = Ndg, (A(tijm (L1)) = @v,.,((L1)rea)
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and therefore
dVrad Ored = Hvred (ered) Pred,

for eyeq = @%icd (Xred + &rea) € T'((L1)realw/a), thus proving integrability of
Lred- O

5.4 Applications.

5.4.1 Examples.

Poisson reduction. Let M be a m-dimensional smooth manifold and let
7 € T(A*T M) be a bivector field such that [, 7] = 0 (where [-, ] is the Schouten
bracket). We say that (M, 7) is a Poisson manifold. There is an induced Lie
bracket on C'*° (M) given by

{f1, f2} =it ap,) dfa, for fi, fo € C(M),

where
. T*M — TM
13 — g T

The map
{f1, -} : C=(M) — C=(M)

is a derivation of the algebra of functions given by the vector field X, := 7*(df).
Let G be a compact, connected Lie group acting on M by Poisson diffeo-
morphisms, i.e. for any f1, fo € C*°(M),

{0y fr.0; f2} = ¥y f1, fa}, for every g € G. (5.30)
Define the isotropic lifted G-action given by
X:g2u—uy €I'(TM)

which integrates to

Gog— U, = ( (1/)9)6 ?¢;1)* > € Aut(TM).

Also, take p : M — {0} to be the zero map (see Example 4.37). (x, {0}, )
defines reduction data on (TM, [, ]); the corresponding isotropic subbundle
K C TM (4.23) is the distribution tangent to the G-orbits

K =A,.

Therefore, the reduced Courant algebroid (see Theorem 4.45) is

Erea= — [/ G=

K+ TM & Ann (A,) G
K Ag
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defined over
M,eqa = M/G with ¢: M — M/G the quotient map.

The canonical splitting V : TM > X — (X,0) € TM is invariant and K-
admissible. Hence, by Proposition 4.47, the induced splitting V,eq : TMycq —
E,cq identifies E,..q with TM,.q with the standard Courant bracket (4.1).

Corresponding to the Poisson structure on M, we have a Lagrangian sub-
bundle of TM (see Example 5.21)

L={(x*().¢) | £ e T*M}

which we wish to reduce using Theorem 4.54. For this, it is necessary that LNK
has constant rank and that L is g-invariant. First note that

LNK=0.
Second, for u € g and & € T'(T*M),

Dx(w), 7€) + €] = [uar, @ (€)] + Luy & € T(L) & [unr, 7(€)] = 7 (Luy, )
Therefore, L is invariant if and only if
[uar, 7 (€)] = 7 (Lup€), Vu € g. (5.31)
Equation (5.31) holds if and only if for fi, fo € O (M)

iﬂ-u(‘CuMdfl) dfy = (Euz\fiﬂﬁ(df1) - iﬂ”(dh)cuM) df
= EuM{fla f2} - {flaEquQ}y Yu e g

which is equivalent to

‘CUM{fl?fQ} = {Equlaf2} + {fla‘CUMf2}a Vu € g. (5'32>

Now, (5.32) is just the infinitesimal counterpart of (5.30). Hence, L is g-
invariant. Thus, we can reduce L to find

LNK'+K
Lyeq = I(_'_/GCEred

which is a Dirac structure on M /G by Theorem 4.54.

To find a local section of UVr<d(L,.q) using Theorem 5.29, first note that
as L N K = 0, any isotropic subbundle D C TM with (LN K)L @ D = TM is
equal to zero.

Second, to find an invariant local section of U(L) C A*T*M using Example
5.21, it suffices to find an invariant local section of I'(A™T*M). For this, let
V be a coordinate neighborhood of M,.q with coordinates (x1,+ -+, Zy—p) such
that ¢71(V) 2V x G, where n = dim(G). Let

v=dri N ANdTp—_n NVg
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where ug is a right-invariant volume form in G such that fG te = 1. Then (see
Example 5.21),

1
cp*yfzwl/+2 Tp2V + .

is an invariant section of the pure spinor line bundle U(L) over ¢~*(V). Hence,
by Theorem 5.29,
Pred = q*(@)

is a local section of UVr<d(L,.4) over V (note that as 4 ~1(0) = M, the inclusion
map j : u~1(0) — M is the identity).
Let us calculate explicitly ¢,.cq. Over q’l(V), m = 7 + ma, where

= Y fir— axz 4, fij €C®(V x Q)

1<i<j<n

and 75 is a sum of terms which involve derivatives in the directions of G. Hence,

For 0 < j < k, one has that (see the Appendix B)
q*(zﬂ—{ﬂ—g’j V) = 07

because the derivatives in the direction of G on 7y turn iwiﬂg_ﬂ/ into a type
(IT) form. Therefore

q*(iﬂ'kl/) = q*('Lﬂ-llcl/) # 0 Only if 2k <m-—n.
Now, observe that
fij = mldxs, dx;) = daj(7* (dzy))

satisfies
Loy fij = [’[uM,Trﬁ(dxj)}dxi + iﬂ-ﬁ(dmj)ﬁuMdl'h Yu € g.
y (5.31) and the fact that £,,,dzy =0 for every k =1,--- ,n,

‘Cquij = Lﬂ'ﬁ(l:uMd:rj)dxi = 07 Yu e g,
which proves that there exists fi; € C°°(V) such that
fij=fijoq
Finally, for 2k < m — n,

igrV = (ipedzy A ANdTm—p) Ave
= q¢*(i, 3 d:vl Ao ANdTpm—n) Nva,
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where 5 p
Tred = Z fz]aixl AN 87.’1,‘] (533)

1<i<j<n

Therefore, by Proposition B.4,
s (iprv) = (iﬁfeddxl RRRW dmm,n) Jove = bk AT A AN dTn
and thus
-k . —1* .
Pred = 4« (90) = G« (ZZo:O % [ V) = EZOZO % 4 (lﬂ'lf V)
_1)k .
=Y % bk dTI A N ATy,

which proves that ®v,__,(Lyeq) is the Dirac structure on M,.4 corresponding to
a Poisson structure 7,4 given locally on V by (5.33).

As for the integrability of L,.q , we follow the recipe of §5.3.2. Begin by
noticing that as D = 0, Kp defined by (5.19) equals K = Ay and L' = TM is
an invariant Lagrangian subbundle of TM such that K C T'M. Moreover,

TM &L =TM.

Also, as LN K = 0, one has that Ly C TM defined by (5.20) equals TM. Then,
Propositin 5.36 asserts that

(TM)red &b Lred == Ered-

By definition (see (4.28))
TM
(TM)red = A/ G = vred(TMred)-
g

As we saw in Example 5.21, the section T of A*T'M over ¢—1(V) is given by

T=X,-— %[7‘(’77'(],

where X, € T'(TM|,-1(yy) is the modular vector field of 7 with respect to
v. It follows from Proposition 5.27 and Remark 5.28 applied to the invariant
polarization (T'M, L) of TM that

(1hg)« Xz = Xn and (vg)s[m, 7] = [m, 7]
By (5.29),
d@red = Z'YSD'r‘etb

where Y € I'(T'M,cq|y) is such that ¢.(X,) = Y. Finally, by Example 5.21,
Y = X, __,, the modular vector field of 7,4 with respect to dx1 A - A dxp—p.
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Distributions. Let A C T'M be a distribution and suppose a compact, con-
nected Lie group G acts freely on M preserving A, i.e.,

(Yg)s A=A, Vg eG. (5.34)

Consider the isotropic lifted G-action on TM with the standard Courant bracket
(4.1) given by
x: g — I(TM)

u = Ups

which integrates to

Gogr— VU, = ( (wg)a (()%_1)* ) € Aut(TM, [-,]).

Take p : M — {0} to be the zero map (see Example 4.37. Then (x, {0}, u) is
reduction data on TM. The reduced Courant algebroid is naturally identified
with TM,..q with the standard Courant bracket. Let

LA =A®Ann(A)

be the almost Dirac structure corresponding to A. It is invariant because of
(5.34). If Lo N Ay (or, equivalently, A N Ag) has constant rank, then

(LA)red = A7"e(1l @ Ann (Ared) y

where

Aved = {q+(X) | X € A} C TM,eq.
Let Dy C TM be an invariant distribution such that
(ANAy) ® Dy =TM
(it exists by compactness of G) and define
D = Ann (D).

As
(LANAGT =TM @ Ann (AN A,),

it follows that
(LAN At @D =TM.

In this case, we have
Lp=LAaND*+D=(AND;)®Ann (AN D).

Note that
A=ANA;&ANDy,

and, as ¢, sends A N Ay to zero, it follows that
Q*(A N Dl) = Q*(A)7
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in accordance with the general discussion of the pertubative method in §3.2.3,
which guarantees that (La)red = (Lp)red-

Let W be an invariant open neighborhood of M over which there is an invari-
ant section of ¢ for U(La) = det(Ann (A)) and an invariant frame {&1,...,&,}
of Ann (D1) C T*M. Then, from Theorem 5.29, it follows that

@red:q*(gl/\"'/\fr/\@)

is a section of U(Lyeq) = det(Ann (A,eq)). Also, by Theorem 5.41, it follows
that if A is the distribution tangent to a foliation, then A,..4 is also integrable.
The leafs of A,.q are the image under ¢ : M — M,..4 of the leafs tangent to A.

Remark 5.42. In case L is integrable, U(La) has a global section if and only
if the foliation tangent to A is transversely orientable. In this case, the foliation
tangent to A,.q is also transversely orientable if AN Ay has a global frame (see
Remark 5.31).

5.4.2 Reduction of generalized Calabi-Yau structures.

Let M be a smooth manifold and F be an exact Courant algebroid over M. Con-
sider a generalized almost complex structure J : E — E on M (see Definition
4.9) together with its +i-eigenbundle L C E ® C.

Definition 5.43 ([24, 28]). (M, J) is said to be generalized Calabi-Yau if the
pure spinor line bundle UV (L) C A*T*M ® C corresponding to an isotropic
splitting V : TM — E has an nowhere zero dV-closed global section.

Remark 5.44. Using equation (5.4), it is straighforward to check that Defini-
tion 5.43 does not depend on V.

Note that (M, J) being generalized Calabi-Yau implies, by Proposition 5.17,
that L is integrable.
Let us give some examples

Example 5.45 ([28]). Let E = TM with the standard Courant bracket (4.1)

and

-J 0
for a complex structure J : TM — T M. In this case, taking the canonical split-
ting Vean, one has that dVea» = d and, by Example 5.15, (M, J) is generalized

Calabi-Yau if and only if A™%T* M has a nowhere zero closed global section (or,
equivalently, a nowhere zero holomorphic section).

Example 5.46 ([28]). Let (M,w) be a symplectic manifold. The +i-eigenbundle
of the generalized complex structure (see Example 4.11)

0 wit
- #
J ( —wy 0 >
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is given by

L={X+iw(X)| X el(TM)®C}.
(M, J) is generalized Calabi-Yau because e~ € T'(A*T*M) ® C is a global
section of U(L).

Let G be a compact, connected Lie group acting on M and consider reduction
data (x,u,h) on E. Let J : E — E be a generalized almost complex structure
such that (M, J) is generalized Calabi-Yau and its +i-eigenbundle L is invariant.
Let K C El,-1(o) be the isotropic subbundle (4.23) corresponding to (X, i, h)
and choose an invariant K-admissible isotropic splitting V : TM — FE. Consider
the nowhere zero closed global section ¢ of UV (L). Recall the inclusion map
j:u~(0) — M and the quotient map ¢ : p=1(0) — M,cq.

Theorem 5.47. Suppose ¢ is invariant (i.e. Ly, =0 for every u € g). If

(i) p(L|u-10) N Kc) = Ag ® C;

(ZZ) L|#71(0) n (Ann (T,u_l) ® (C) =0;
then there exists a nowhere zero dVre¢-closed section wo of UVred (Lyed) such
that

q"po = j ¢ (5.35)

Moreover, if
(iti) (L|,-10) N K¢ + Kc) N (L|,-10) N K& + Kc) C K,

then Lycq is the +i-eigenbundle of a generalized complex structure Jreq : Ereq —
Ercq such that (Myed, Jred) is generalized Calabi-Yau.

In order to prove Theorem 5.47, we need a couple of lemmas.

Lemma 5.48. Conditions (i), (i) and (iii) implies that the reduced Dirac struc-
ture Lyeq given by Theorem 4.54 is a generalized complex structure.

Proof. First note that (i) and (ii) guarantee that L[,-1y N K¢ has constant
rank. Indeed, the exactness of the sequence

0— L|#—1(O) N (Ann (T,uil(())) ®C) RN L|#71(0) NKe 2 Ag®C—0
(5.36)
together with (ii) implies that L[,-1(y N Kc is isomorphic to Ag ® C. Second,
the invariance of ¢ implies that L is invariant (see Proposition 5.22). Hence, we
can reduce L, using Theorem 4.54, to obtain L,.q C E,.q. The fact that L,.q
is a generalized complex structure now follows from (iii) (see §4.4.1 and section
5 of [11]). O

Let 0 € Q(u1(0),g) be a connection 1-form for the principal G-bundle
q: p1(0) — M,eq. For any basis {ul,... u"} of g, write

0 = ie, u”
=1

where 0; € Q' (u=1(0)).
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Lemma 5.49. Let Dy C TM|,-1(o) be an equivariant complement to Tp='(0).
Fori=1,...,r, there is a uniquely defined 0; € T(Ann (D)) such that

Moreover, . X
ep=01N---NO Ny (5.37)

is a nowhere zero invariant section over p~1(0) of the pure spinor line bundle
of the pertubation Lp = L|,,~1(0) N D+ + D corresponding to

D = Ann (Dl @ Dg) & (C, (538)

where
Dy ={X € T '(0) | ix6 = 0}.

Proof. First note that D; exists by compactness of G. Let D be given by (5.38).
Then property (i) implies that

(L|H_1(0) N KC)J' oD = E|u—1(0)~
The choice of D induces an (equivariant) isomorphism

j*|Ann(D1) : Ann (Dl) — T*,U,il(()), (539)

so that the elements 0; € I'(Ann (D)) satisfying j*0; = 6, for i = 1,...,r are
unique. It is easy to see that {6y,..., 6,.} is a global frame for Ann (D). Hence,
by Proposition 3.41,

QOD:Hv(él/\”'/\ér)(p:él/\"'/\ér/\g@ € F(A.T*M®C|H71(O))

is a nowhere zero global section of U(Lp) for Lp = L|,~1(9) N D+ + D. Tt re-
mains to prove that ¢p is invariant. This follows from the well-know invariance
property of the connection form 6,

Ui =Adg100=> 0;Ady(u'),Vg € G,

=1

which implies that
Vg0 = Z al(g)¢7, where Ady-1(u?) = Z al(g) ul.
i=1 i

Hence,
zp;(elA.--Aer) =det(Adg-1)01 N---NO. =01 AN---NO,

because G is compact (and hence unimodular). Now, just use that (5.39) is
equivariant and that 17 ¢ = ¢ by hypothesis. O
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Proof of Thm. 5.47. The existence of vy € Q(M, 4, C) satisfying (5.35) is equiv-
alent to

As ¢ is already invariant, it remains to prove the second equation. Choosing a
right split for the sequence (5.36), one has that for every u € g, there exists a
element k, € I'(L|,-1(0) N Kc) such that p(k,) = ups (it is actually unique by
(ii)). Now,

0=y (ku)p = iuy e + sv(ku) A @,
where sy : E — T*M is defined via (2.5). As V is K-admissible, it follows that
sv(ku) is a section of Ann (Tu~1(0)) ® C. Hence,

0= ]*HV(ku)@ = iqu*(P'

This proves the existence of ¢q satisfying (5.35). To prove that g is a section
of Uvmd(Lmd), it suffices to prove that it is colinear to the reduced section of
the pure spinor line bundle of L,..4 given by Theorem 5.29,

red = qxJ oD = q(O1 N -+ NO. N )

(observe that j*¢ is nowhere zero by condition (ii); see Proposition 3.31). Using
(5.35) together with Propositions B.4 and B.6,

Pred = q<(01 N 0r N g po) = (/ V) vo,
G

where v € Q"(G) is the left-invariant volume form on G induced by the basis
{&,...,&} of g* dual to {ul,...,u"}. To finish the proof, it remains to prove
that g is dVred-closed, where

dvred =d— Hred

and Hycq € Q3(M,cq) is the curvature of V,.4. By Proposition 4.47, we have
that ¢*Hyeq = j*H, where H € Q3(M) is the curvature of V and, using (5.35),

¢*(dpo — Hreq N\ rea) =dq oo —j"H Nq*po
= j*(dp — H N o)
=0.

As q* : Q(M,eq) — Q(u1(0)) is injective, this concludes the proof.
O

Example 5.50 (Nitta’s reduction [41].). Let G be a compact, connected Lie
group acting on M. Let H € Q3/(M) be a basic form (L,,, H = 0 and i,,,, H = 0,
for every u € g). Consider the corresponding isotropic lifted G-action

x: g — I(TM)
U o up



5.4. APPLICATIONS. 125

which integrates to

Gag—w,= (W ) € AT [ ),

Let J : TM — TM be an invariant generalized almost complex structure such
that (M, J) is generalized Calabi-Yau and such that U(L) has an nowhere zero
invariant dg-closed section ¢. Suppose that there exists an equivariant map

piM— g
(with respect to the co-adjoint action) such that
Jupy = du", Yu € g. (5.40)

Form the corresponding reduction data (x, i, g*) with associated isotropic sub-
bundle K C TM|,-1(y) (4.23) given by

K = Ag & Ann (T 1(0)) .

We claim that the +i-eigenbundle of J satisfies conditions (i), (ii) and (iii) of
Theorem 5.47. Indeed, (5.40) implies that

L‘H—l(o) NKc = {(up +ivpg, dp® —idp™) | u, v € g} (5.41)
which, by its turn, implies (i). As for (ii), note that
L|,~10y N (Ann (T~ "(0)) ® C) = (L|,-1(0) N K¢) N (Ann (T~ (0)) ® C),

which is clearly 0 by (5.41) and the fact that G acts freely on p~1(0). Finally,
(iii) follows from (5.40) (note that JK = K). With these data, Theorem 5.47
implies that L,.q is a generalized complex structure for which U(L,.q) has a
nowhere zero dy,_,-closed global section ¢, given by

ed
Tpo =7,
where H,.cq € Q3(M,.q) satisfies
q"Hyea =j"H.
This is the content of the main result of [41].

Example 5.51. Let (M,w) be a symplectic manifold and consider the corre-
sponding generalized Calabi-Yau structure (M, J) constructed in Example 5.46.
Suppose a compact, connected Lie group G acts on M in a Hamiltonian fashion
with moment map given by

w: M —g*.

In this case, for any u € g

TJunr = wy(unr) = tyyw = dp®
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so that (5.40) is satisfied. Also, let ¢ = e~ be a pure spinor corresponding to
the +i-eigenbundle L C TM @ C of J. As L,,,,w =0, Vu € g, one has

dp=0 and L,,,¢=0,Vueg.

Thus, Theorem 5.47 together with Example 5.50 gives that M,.q = u~(0)/G
inherits a generalized complex structure J,.q for which ¢g € T'(A*T*M,.q ® C)
satisfying (5.35) is a pure spinor for its +i-eigenbundle L,y C TMyeq @ C. In
this case, a straightforward calculation shows that

po = e~ e,
where wy.cq € Q2(M,.cq) satisfies

* - x
q Wred = ] W.

Hence, J,q is the generalized complex structure corresponding to the Marsden-
Weinstein [39] reduction of w.

5.4.3 The T-duality map.

T-duality is a relation between two types of string theory. In [8, 9], a mathemat-
ical version of T-duality was introduced in the context of S'-principal bundles
(also principal torus bundles). We recall their construction here following [15].

Let w1 : P; — N be a principal circle bundle with an invariant closed integral
3-form H; € Q3(P;) and a connection 0; € Q'(P;) (where we have identified
s! = R in such a way that (m).0; = 1 (see Proposition B.6)). Define

co = (m1).H € Q*(N)
and let ¢; € Q?(N) be the curvature of Py,
ey = db;.
There exists h € Q3(N) such that
Hy =7wjca A6y + 7ih. (5.42)

As (p1)« commutes with d, it follows that ¢y is closed. It is also integral as

/62:/ H,
S m ()

for every surface S C N. Therefore, there exists a principal circle bundle 75 :
P, — N with a connection 5 € Q?(P,) such that

d92 = W;CQ.

Define
Hy = F;Cl A0Oy + W;h € QS(P2>.

We call (P, Hs) the T-dual space corresponding to (Py, Hy).
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Example 5.52. Consider the Hopf fibration m; : S% — S2. The curvature of
this bundle is a volume form c¢; € 92(S%). By taking H; = 0, one has that
¢ = 0 = h. Therefore, the T-dual space is P, = S% x S! with the connection
form 6y = pr¥, &, where £ € Q*(S') is an invariant volume form and

H2 = prgz (AN 02.

Given T-dual spaces (P, Hi) and (P, Hs), define the correspondence
space to be the fiber product M = P; Xy P of P; and P,. More precisely, M
is a submanifold of P; x P» defined by

M ={(z,y) € Pr x P» | mi(z) = ma(y) }.
For a point m = (x,y) € M, we have
TmM = {(Xl,XQ) S szl X Typg | d7r1(X1) = dﬂQ(XQ)}.

We have the natural projections ¢; : M — P; and g2 : M — P, which make
the diagram below commutative:

M
N
P, Py
&A
N

The maps ¢; and ¢z give M the structure of a S! principal bundle over P; and
P; respectively. Moreover, ¢761 and ¢562 are connection 1-forms on P, and P»
respectively.

Using the commutativity of the diagram (5.43), one has

(5.43)

@ Hy —qiH1 = q5(m5c1 A O2) — qi (mica A Oy)
=qimic1 A @3ba — g3miea A g6y
= qidby A q302 — q5d02 N g1 01
= d(qi01 A g302).

Define

B = qi01 A 302 € Q*(M) (5.44)
and let Qg1 (P;) be the space of invariant differential forms of P; for ¢ = 1,2. As
H,, Hy are invariant by construction, their corresponding twisted differentials
dp, and dpy, turn Qg1 (Py) and Qg1 (P2) respectively into differential complexes.
One of the main result of [8] is that this differential complexes are isomorphic.
We describe the isomorphism here. Define

T QSI (Pl) — Qsl (PQ)

by
(@) = (g2)- (¢” A gja).
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Theorem 5.53 (Bouwknegt-Evslin-Mathai[8]). The map
T (QSl (Pl)a dHl) - (Qsl (PQ)v dH2)
is an isomorphism of differential complezes.

What we shall do here is to give an interpretation of the action of 7 on
pure spinors built upon previous work of G. Cavalcanti and M. Gualtieri [15].
Consider the Courant algebroid E over M which is TM with the ¢f H;-twisted
Courant bracket. Corresponding to the S'-principal bundle structure given on
M by g; : M — P; (for i = 1,2), we have an S!-action on M

' 8 — Diff(M)
and the corresponding infinitesimal action
Y:s! — T(TM).
We denote the image of an element u € s under %% by u%,. For m = (z,y) € M,

hy(m) = (z, g-y) and Y2 (m) = (g- =, y). (5.45)
Lemma 5.54. The map

x: st — T(E)
u — ug+

where §, = (iup 1) g5 02 € T(T* M) defines an isotropic lifted G-actions on E.

Proof. First we have to check that y is bracket preserving. Let u,v € s'. The
fact that
(42)suhy = (q2)sv3; =0

implies

L2, 8 = (ivp, 01) Ly2,g202 =0
and

iv?vl dgu = (iupl 91) ZU%/I Q;QZ =0
(where we have used that i,,, 01 and i,, ¢1 are constant functions on M). Now,
using that s! is abelian together with equation (5.45),

[U?u,zvﬁﬂ tﬁygd §o = o3, Eu iz 2 GiH)
[’LL, U]M +qq (Z'UPl lup, Hl)
= q (ivpl lup, Hy).

HX(u)a X(v)]]qul =

By (5.42),
bup, H1 = (up, 01) T1C2 (5.46)
which implies
Gyp, tup, H1 = 0.
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Thus,
Ix(w), x()] gz 1, = 0 = x([u, v]).
Also,

gcan(X(u)a X(’U)) - (iupl 01)(21@1 q; 02) + (ivpl 01)(Zu?u q; 02) =0,

which proves that y is an isotropic lifted g-action.
To prove that y integrates to a G action by automorphisms of E' it suffices
to show that the canonical splitting V., is invariant. This will imply that

(% )
g 0 (2"

integrates x. By Proposition 4.30, we have to show that
d&, — iqﬁwqul =0, for every u € s'.
On the one hand, we have

dfu = (i'll,pl 91) dq;02 = (iup1 91)(1§7T§ C2
= (iuPl 91) QTWTQ

using the commutativity of diagram (5.43). On the other hand, by (5.46),

iu3, 41 Hy = q1 (lup, H1) = (iup, 01)q7 (77 ¢2)-

M

This concludes the proof. O

By considering the zero moment map p : M — {0} (see Example 4.37),
we have reduction data on E given by (x, {0}, ). The corresponding isotropic
subbundle of E is Ky (see §4.2.2). To study the reduced Courant algebroid
E,cq over Mycq = M/S I = P, properly it is necessary to find an invariant K g
admissible splitting. For this, note that for B € Q*(M) defined by (5.44), one
has

b2, B =iyz2 (¢10h Ng302) = (iy2,q761) 502
(tup, 01) 4302
&u

and
ﬁu?v[B = diu?uB + iuﬁldB =d&, + Z“?u (¢5Hy — qul)
= (déy — ivs g1 H) + iz g3 Ho
=0

for u € s'. Thus V = Vea, + B is an invariant Ky-admissible splitting for F.
Its curvature is
H =¢{H, +dB = ¢, H>.

Hence (by Proposition 4.47), V induces an isotropic splitting for F,.q which
identifies it with TPy, @ T* P, endowed with the Hs-twisted Courant bracket.
We are now able to pass to pure spinors.
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Let ¢ € Qg1 (P1) be a pure spinor such that
N(QD) =L CTP @T*Pl.

Consider ¢ip € T'(T* M) viewed as a Clifford module for CI(E, g) corresponding
to the canonical splitting Vean. As we saw in Proposition 3.30, ¢f¢ is a pure
spinor such that for a point m = (z,y) € M,

NG5 @)m = Mgy (L1le) C T M & T, M. (5.47)
Call L = N(qj¢). We claim that L is invariant under the isotropic lifted G-
action x. Indeed, as V,, is invariant,

ﬁvcan

vemgie = Loz 419 = qiLup,p =0 Yu € s

because ¢ € Qg1(Py). Therefore, by Proposition 5.22, it follows that L is
invariant. Also,
LNKy;=0.

Indeed, let m = (z,y) € M and (X, &) € (LNKy)m. By (5.47) and the definition
of Ky, there is some u € s and 1 € T P, such that
X = uj;(m) and (dq1);,n = € = (iup, 01) 63 02l,,, -
Now, for every 0 # v € s',
(dg1)n(vay) = 0 and iy ¢502|m = O2(vp,) # 0

which implies that § = 0 or, equivalently, iy, 61 = 0. But this implies u = 0
and hence X = 0 as we wanted to show.

By Theorem 4.54, the Lagrangian subbundle L C E can be reduced to a
Lagrangian subbundle L,.q of E,.q. To find a pure spinor corresponding to
Lyeq using Theorem 5.29, we have to pass from the V., induced module to
the V = V¢an + B induced module so as to have a K -admissible splitting. By
Example 5.3,

Ne(eP ngip) =L

and, as B is invariant, e® Aq}¢ is an invariant local section of UV (L). Therefore,
by Theorem 5.29,

() = (g2)+(e” A i) € UV (Lyea) C Q(P2).

Define Ly = @y, (Lreq) C TPo®T* Py. By construction and by Proposition
2.37, for any point m = (x,y)

(L2)y = Mags) (PVen+B(L)) = Adgy),, (T-B(L))
= Mdga)m © Mr_p © Mgy, ((L1)a)-

Let Ay ) C D (T, P) x D (T, P,) be the morphism given by

A= A(dqz)m o A.,-_B o Aqul)m.
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Proposition 5.55. Let m = (x,y) € M. There exists an isomorphism
such that A, ) = Ap.

Proof. 1f we prove that ker (A(,,)) = 0 (see (2.20)), then by the symmetry of
the situation

ker (Afx,y)) = ker (A(dql)m oA, o0 AquZ)m) =0

also. In this case, (see (2.21))

1
im(A¢, ) = ker (At ) —T,P, & TP,

(z,y)
and this will prove the proposition. Now, it is straightforward to check that for
X-i—fETxPl@T;Pl and Z+€€TyP2@T;P2,
dq1 (Y) = X;
(X+E,Z4C) € Mgy < AY,n) € D(TM) s.t. dg2(Y) = Z;
(dg1); & = (dg2);, ¢ + iy B.

If (X4¢,0) € Az y), then X = dgi(Y) where Y € T,,, M is such that dg2(Y') = 0.
In this case, there exists u € s' such that Y = u3,;(m) and thus X = up, ().
Also,

(dq1)z€ = iy B =12 (m)(q10h A 302) = (iup, 01) @300
Again, the fact that

iyt (m)(dq1)z€ =0 and iyt ()q202|m = iup, (2)02 # 0.

implies that « = 0 and hence, both £ = 0 and X = 0. This concludes the
proof. O

Let us give the value of F' for some elements of T, P, @ T,' P;. First observe
that
Ty Py = ker (my) @ ker (01,2) = Ag,» ® ker (61,4) ,

where ker (61, ) ={X € T, P, | ix61,, = 0}. Dualizing,
T;Pl = Ann (Ag, a:) D Rel,m-
It is straightforward to check that

F(61,2) = —up,(y), where u € s' is such that 4,, 6, =1 and
F(vp, (7)) = —(ivp, 01) 02, for any v € st

Also, for X € T, P, such that ix6; = 0, there exists a unique Z € T, P> such
that iz02 = 0 and dm1(X) = dma(Z). Then

F(X)=2Z.
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To finish, let £ = (dm) )fred € T} P, for some &,cq € T:l(m)N; then

;kl'l(r
F(&) = (dm2)7, () Ered-

Remark 5.56. The idea of G.Cavalcanti and M. Gualtieri [15] was to think of
T-duality as a map from invariant Lagrangian subbundles of (TP, & T* Py, Hy)
to invariant Lagrangian subbundles of (T'Py ® T*P,, Hy). The map they con-
structed is exactly the extension of the isomorphism (5.48) to invariant sections:

F Fsl (TPl D T*Pl) — FSl (TP2 D T*PQ)

Our construction completes their work by putting their map in the context of
pure spinors.



Appendix A

More on pure spinors and
the split-quadratic category.

In this appendix we develop further the idea of associating a transform between
spinor spaces to a morphism (in the sense of the split-quadratic category) A C
E\ x Ey, where Ey, Ey are split vector spaces (see Definition 2.11). This should
be seen as an (odd) analogue of the quantization procedure that Guillemin-
Sternberg proposed in [26]. This part of this thesis grew out of the suggestion
of H. Bursztyn to use the Chevalley pairing (A.1) to reduce spinors (see Theorem
5.29) and it is heavily influenced by unpublished work of M.Gualtieri [25].

A.1 The transform.

Let (E, g) be a split-quadratic vector space and let | = (L, L’) be a polarization
of E. Consider the representation

I, : CI(E,g) — End (A°L')

(see §3.1). There is a non-degenerate bilinear pairing defined in A®L’ first intro-
duced by E.Cartan [14] and further studied by C.Chevalley [16]. It is defined
by

(,y: AL'x A°L’ — det(L)

(oz,ﬂ) — [O&t A ﬁ]top7 (A].)

where - is defined by (3.4) and [-]*P is the projection in the top degree com-
ponent of A®L’.

Lemma A.l. Fora € CIl(E,g) and a,3 € N*L’
(I (a) @) A 8] = [ ATI(a") 8]

133
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Proof. 1t suffices to prove it for @ € F and use that II;(aja2) = II;(a1) o I1;(as).
Let a=2 4y, z € L and y € L'. Recall from (3.6) and (3.7)

I (a)a = DI (x)a+y A a.
Thus,
(I (a)a) = (D(x)a)’ +a' Ay.
It is straightforward to see that

k(k—1)
a'=(-1)"z - o, where k is the degree of o

and therefore

k(k—1) | (k=1)(k—2)
R

(DY (x)a')t = (—1) DI (z)a = (—1)*"1DI(z)a. (A.2)

Hence,
(I (a)a)* = (=1)* ' DI(z)a’ + o’ Ay.
Using that D9(z) is a derivation of degree —1 and that [D9(z)(a’ A 3)]*°P =0,

it is now straightforward to check the result. O

Let (F1, g1) and (FE2, g2) be split-quadratic vector spaces and let I[; = (L1, L))
and Iy = (Lo, L)) be polarizations for F; and F5 respectively. From Example
3.14, AL} @ A*LL is a module for Cl(E; X Ea,—g1 + ¢g2) = Cl(E1,—g1) ®
Cl(FE2,g2). The representation corresponding to the polarization Iy x lo =
(L1 x Lo, L x L}) is given by

Iy xiz (a1 ® az)a® B = (=1)1=1L ()o@ 1L, (a2)y, (A.3)

for a; € Cl(Ey,—g), as € Cl(E3,g2) and a ® 8 € A°L; @ A®Ls.
For every a ® 8 € A®L} ® A®LY define

a®B: AL, ®det(L) — A°L}
YRV — v({ah,7))B,

where det(L) is identified with det(L})* via g;. By linear continuation, one
defines a map

ALy @ ALy — Hom(A®L] ® det(Ly), A*Lj)

0 — 0. (A4)

In this way, any Lagrangian subspace A C E;x E; defines an one-dimensional
subspace of Hom(A®*L)] @ det(Ly), A®L}) given by

{016 cU™=(A) C AL, @ A°Lh},

where U1*!2(A) is the pure spinor line corresponding to A.
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Theorem A.2. Let L be a Lagrangian subspace of By, A C E1x Ey a morphism
and 0 be a non-zero generator of U*!2(A). Let ¢ € U'(L) C A®L, and
Ve det(Ll) [f

B(¢ @ v) € A®LY is non-zero, (A.5)

then R
N, (0(p @ v)) = A(L).

To prove the theorem, we shall need a simple lemma.

Lemma A.3. Fore; € By and a € A*LY, one has
(I} (e1)a)! = (~1)/°/ (er)a!
Proof. Write e; as e; =x +y € L; ® L]. Then (see Example 3.13),
(I} (e1)a)! = (=D (@) +y Aa)l = (~DI(z)a)! +a Ay.
(=1)1*ID9(x)at and therefore

(I (e1)a) = (=1)I*|(D?(2)a’ +y A a') = i(er)a’

—~
>
[\

~—

0
S

Q

—

~—

~—
Il

O

Proof of Theorem A.2. Let {aq, - ,am}and {f1,...,0,} be basis of A®*L} and
A® LY, respectively. Write

H
i M:

Z Ozl ®ﬁj

For e; + e € A, using formula (A.3) and the fact that § € U*!2(A), one has
that

0 =TI, xi,(e1 +€2)0 = ZZa” [ (e1)a; @ B + (— l)lo‘i‘ai ®H12(62)y]} .

=1 j=1

which implies that for every v € det(L;)
0= Y a¥ [v((L; (en)w)', ¢)) B; + (=1)*v({al, ¢)) I, (e2))]
= Y (=Dlla [p({af, 1, (e1)g)) B + v({ad, ) i, (e2) 5],

(2]

(A.6)

where we use Lemma A.1 and Lemma A.3 in the last equality. Note that as
© € A*L} is a pure spinor, it has a definite Z, parity (see the end of §3.1) and
therefore (by definition (A.1))

{ (af ) #0, only if (—1)lel el

_ )dlm(L 1)
<C¥§,H[1 (61)<p> 7é 07 Only if (_1)\a1|+\<p| !

(—1
— ( )dlm
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So, excluding the zero terms in the equation (A.6), one obtains

ZG”V (i, Iy (e1)g Z@”V a;, ) I, (e2)y;

()

which is equivalent to

~

§(Hll(el)<p ®@v)=1,(e2) 0(p @ v), for every e; + ey € A. (A.7)

To finish the prove, suppose é\(np ® v) # 0. By definition, for every e € A(L)
there exists e; € L C Ej such that e; +e3 € A. Ase; € L and ¢ is a pure
spinor for L, ITj, (e1)p = 0; thus, by formula (A.7), II,, (eg)e(ga ®v) = 0. This
implies that N

M) € K (B @ v)).

But as A(L) is Lagrangian and K, (@\(ga ®v)) is isotropic, the result follows. [
The following example shows the necessity of condition (A.5).

Example A.4. Let Vi, V, be vector spaces and consider E; = (V; @ V¥, gcan)
(see Example 2.2) for ¢ = 1,2. Consider A = V; x V; as a Lagrangian subspace
of E1 x Ey. Let L be any Lagrangian subspace of E; and consider ¢ € U(L) C
A*Vj*. The pure spinor line U1 *!2(A) C A®L} @ A®L) is the line generated by
1® 1. For § =1® 1 one has that

Blo@v)=v({1,0)1, Vv € det(Ly).

This is non-zero if and only if (1, ) = [¢]*P # 0. In this case, v([¢]*P) 1 is a
pure spinor for Vo = A(L).

Remark A.5. We shall need a simple extension of Lemma A.3 ahead in the
proof of Proposition A.11. So let (E,g) be a split-quadratic vector space and
I =(L,L') be a polarization with the corresponding representations

I, : CI(E,g9) — End (A°L')
and
I, : Cl(E,—g) — End (A°L').
Let L C FE be a Lagrangian subspace and consider a basis {ej,...,e,} of L.

Then for any I = {i; < --- < ix} C [1,n] and @ € A®L’, using inductively
Lemma A.3, one has

k(k—1)
p

(I (er)a)’ = (D)Mol H-10T (e )af = (—1)Flel* I (er)a’

(note that in the left-hand side of the equation e; € A*L’ C CI(E, —g) and in
the right-hand side of the equation e; € A*L’ C CI(E, g)). To finish, recall that

eh = (-1) R er and therefore

(I (er)a)* = (=11 (ef)a (A.8)
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A.1.1 Pull-back and push-forward morphisms.

In this subsection, we shall reobtain the results of Propositions 3.30 and 3.32
using Theorem A.2. Let Vi, V5 be vector spaces and f : V3 — V5 be a linear
homomorphism. Consider the push-forward morphism Ay C D (Vi) x D (V5)
(2.22). Let us first find the pure spinor line U *2(A;) C A®V; ® A®Va corre-
sponding to the polarizations Iy = (V;*, V1) and l; = (V5", V2) using Proposition
3.18.

The projection S of Ay on Vi* x V5 is Graph (f*) = {(f*¢,€) | £ € V5'}. The
2-form associated with Ay is defined (see (3.11)) for (f*&;,€) (i =1,2) by

ws((f*£17 51))7 (f*§27 £2>)) = (_géan + ggan)(X7 (f*§27 52))

(where X = (X3, X3) € Vi x V5 is such that X + (f*&,&) € Ay. For any
X1 S ‘/1, X = (th(Xl) WOrkS)

= —f*&(X1) + &(F(X))
= 0.

Therefore, by Proposition 3.18, U?*?2(Ay) = AP [SEN (V) x V)] C A*Vi ®
A*Va. For every X = (X1, X2) € Vi x Vo, X € St if and only if Xy = f(X7).
Thus,

0=(1@1+1® fler)) A A(en®1+1® f(en))

is a generator of U *%2(A ;) where {ej, - ,e,} is a basis of V;. Expanding the
last expression, one obtain

push = Z Z bgn(o) € (1)/\ Neg r)®f( r+1))/\ /\f( a(n)) (A9)

r=0c0€S(r,n)

where S(r,n) is the subset of permutations of {1,--- ,n} such that o(1) < --- <
o(r)and o(r+1) < -+ < o(n) and sgn(o) is the sign of the permutation.

Remark A.6. Consider the pull-back morphism A} C D (V2) x D (Vi) (see
(2.23)). Choose Iy = (V1,V}*) and Iy = (Vo,V5") the canonical splittings. A
similar calculation as for the push-forward morphism shows that

pull — Z Z sgn(a 0'(1)/\ /\ea(r)®f o T+1)/\ /\f* o(n) (AlO)
r=0o0€eS(r,n)

where {e!,... e} is a basis of Vi, is a generator for U!2*!1 (AL) C AV @AV

Given the generator Opush (A.9) for U *!2(Ay), let us calculate the corre-

sponding map
epush : /\.Vl ® det(‘/l*) — /\.‘/2.
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For I c {1,...,n} and v € det(V}")
epush er®V) = Z Z 1)*97() (leaary Aer]'P) fleaiany) A= -Af (€am))-
r=0c0€S(r,n)
It is straightforward to check that
Bpusn(er @v) £0 <= T ={o(r+1) <--- < a(n)}
and that in this case
gpush(ej Qv)=v(et A+ Ney) fuler).

For any element ¢ € A®V}, write

Then, by linearity,

L §pu5h(cp®1/): Z ar fuler) = fi(p).

v(en,n) Ic{1,...,n}
Remark A.7. Using the generator 6, (A.10) for UlQXll(A;), one obtains

é\pull((,o X V) = V(el A---A en) f*SD
for any v € det(V2).

In the case of the push-forward and pull-back morphisms, formula (A.7)
reduces to the well-known formulas

falipee X+XAX) = te [ (X)+ F(X)Nfo(X), for X € V1, £ € V5 and X € A°V).
and
frlpxyp+ENQ) =ix[To+ [FEN frp, for X € Vi, £ € V5 and ¢ € AV

respectively.

A.2 Zero set and pure spinors.

In this section, we investigate thoroughly the problem of when a pure spinor is
taken to zero by the transform (A.4) associated to a morphism A C E; x Es,
where (E1, g1) and (E2, g2 are split vector spaces. Before we define properly the
zero set of A, we shall spend some time on the problem of how the transform
(A.4) depends on the polarizations chosen.
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A.2.1 Polarization dependence.

Let Iy = (L1,L}) and | = (L, L") be two polarizations of (F,g1) and ¢ €
Ul(Ly) C A°L.

Lemma A.8. The isomorphism

Fl:l: NLy — A°L
a — I (a)p

¢
intertwines 11, with I
Proof. Lemma A.3 implies that
N7 (¢") ={e1 € By | 1T (e1)¢" =0} = Ly
and the result follows from Proposition 3.23. O

Let (E2, g2) be another split vector space and choose lo = (Lo, L}) a polar-
ization of Fs.

Lemma A.9. The map

F,®id: ALy @A°Ly — A*L®A°Ly
a®p — (—1)‘¢||ﬁ|Fl:l(a) Y]

is a Cl(Ey X Eo, —q1 + g2) module isomorphism.

Proof. Let a; € Cl(E1,—¢1) and ay € Cl(Es,g2). For a ® 8 € A°L1 @ A®Lo,
one has (see Example 3.14)

M, (a1 ® ag) o F,@id (a @ B) = (=1)° 11 (a1) Fy (@) @ 1, (a2) 8

where ¢ = |¢||0] + (Jo| +|¢])|az|- Now, using Lemma A.8, the definition of both
Fl:l® id and IIj, «;,, one has

= (_1>CFl:l(Hl: (a1)a) @ 10y, (a2)
(_1>c+\¢\(|a2|+\ﬁl) (Fz?zé?’id) (Hfl(cn)a @ I, (az)B)
(_1)C+“P‘(|a2|+‘ﬁl)+|a"a2‘ Fl:l® id o Hll %l (al ® a2) (a ® /6)

A simple calculation shows that ¢+ |p|(|az| 4 |5]) + |«||az] is even and therefore
i, (a1 ® ag) o F,@id (0 ® B) = Fi,®id o 11, 1, (a1 ® ag) (o @ 3)
proving that F, l:l(fi) id is a module isomorphism O

The idea now is the following: given A C E; x Fy a Lagrangian subspace,

by Lemma A.9
Fi@id (U2 () = U™ (A).
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We wish to find a map A*L} ®det(L1) — A*L'®@det(L) that makes the diagram

AL, @det(L,) —2— AL,

l lid (A.11)

F,®id (0)

A*L @ det(L) A® Ly

commutative for every § € Ut*!2(A). This is fundamental if we want to have
any notion of zero set for A which independs of polarization.

Let Fy,; : A*L} — A®L be the CI(E;,g1) module isomorphism given by
F}, () =10 («)p (see Proposition 3.23).

Lemma A.10. For a,3 € AL,
(a,8) =0 if and only if (Fi (), F1,:1(3)) =0
Proof. By Lemma A.1,

(Fru(e), Fia(B) = [(M(a)e)" ATL(B)e]*P
= [p" AL (a! A B)p]*P
= [p" ANIL(y + (a, B))p]*P

where v € A®* L} satisfies [y]*P = 0. We claim that [p! AIL(7)p]*P = 0. Indeed,
by Proposition 3.28, there exists A € O(E, g) such that [ = (A(Ly), A(L})). Let
a € Pin(E,g) such that a®(-)a= = A(-). One has

I () = Wi((a”) YL (a”va™ I (a)e.
Observe that

(i) a”ya~! € A®Lj (it is just the image of v by the natural extension Al :
ALy — A°Lb);

(ii) by Lemma 3.17,
NIl (a)p) = A(L1) = Lo

and thus II;(a)¢ € U'(Ly) = A\°L, = F;
(iii) as a? € Pin(E), (a?)~! = +a'.
Call 0 £ A =1I;(a)p € F. Using (i), (ii) and (iii), one has

[ ATIL, (V)@]*P = £[(TT;, (a)p) AT, (a%ya™ ), (a)@] P

— :t)\Q[ao,yafl]top (A12)

and as a®ya~! has the same exterior degree as 7, the last term is zero as we
claimed. Thus,

(Fiu(@), Fi(B)) = [¢" AL({a, B))g]""
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and repeating the steps in (A.12), one obtains

top

= +)\2 [a"(a, 6>a‘1]

Using once again that a”(-)a™! : AL} — A®L}, preserves exterior degree, the
result follows. O

Lemma A.10 makes it possible to define a map

det(L;) — det(L)

1% — Vﬂa

implicitly by the relation (see Lemma A.10)

vo((Fyu(a), Fia(B))) = v((a, B)), for a, B € ALY, (A.13)

Proposition A.11. The map

T: A°Li®det(L;) — A*L®det(L)
0oy o (—D)FF(0) @ vy,

where |0| is the Zy degree of any element 0 € U*2(A), makes the diagram
(A.11) commutative.

Proof. Consider ¢ =v; @ v2 € AL} ® A*L} and call
Onew = F,®1d (0) = (—1)IIITT ()" @ 72 € AL/ @ A® L.

For every v € det(Ly) and o € A°L’

0 new (Frui(@) ® vp) = (=117l (I (1) "), Fiua(@))y

By (A.8) and the definition of v,

= ()Pl (1) el (T34 ), Frr(0))
DIAR2D v, (B (1), Frai(a)))

)
)
DIl ((4, o))
D19 (o @ v).

(-
(_
(_
= (7
The result now extends by linearity and the fact that any § € U"*!2(A) has
well-defined Zo degree. O

For the dependence on the polarization Iy of (Es, g2) the analysis is simpler
as it doesn’t involve Zo degree issues. Fix polarizations I; = (L1, L) and Iy =
(Lo, LY) of (Eq,g91) and (Es, g2) respectively and consider [ = (L, L’) another
arbitrary polarization of (Eq,g2). Let Fj,; : A®*Ly — AL’ be a Cl(Es, g2)
module isomorphism (given for example by the choice of a generator of U'(Ls) C
A®L’ and Proposition 3.23).
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Proposition A.12. The map id @ Fi,; : A°L} @ A°LL — ALy @ AL is a
Cl(Ey ® Ey,—g1 + g2) module isomorphism. Moreover, the diagram

ALy @det(Ly) —2—  ACL,
lid lFZZL (A.14)

id@Fiy (6)
e e

AL} @ det(Ly) AL

commutes for every 6 € U*!2(A).

Proof. Let a ® 3 € SU(E;) ® 8% (E3) and a; ® ay € Cl(E1, —g1) ® Cl(E2, ga).
By Example 3.14 and the fact that Fj,; is a Cl(E3, g2)-module isomorphism, it
follows that

I, xi(a1 ® az) 0id @ Fii(a® B) = (=1)lel; (a))a @ T F,i(8)
= (=Dl (a1)a @ Fiy (10, (a2)8)
= (~ylelelide By (1 (a)a © 1L, (a2)6)
= d® Fyoll xi,(a1 ® a2) (a® B).

The result about 6,,¢,, is now just a simple calculation that we omit. O

A.2.2 Zero set.

Let (E1,g1) and (E2, g2) be split vector spaces and consider a Lagrangian sub-

space A C E; X Fs. Fix a polarization l; = (L1, L}) of F.

Definition A.13. An element a € A®L} belongs to the zero set Z1(A) of
A if there exists a polarization ly = (Ls, L)) of (Fa,g2) such that for every
6 € U'*!2(A) and every v € det(L;)

o~

fa®v)=0. (A.15)

Remark A.14. Note that as formula (A.15) depends linearly on 6 and v, it
is sufficient for « € A®L} to belong to Z!1(A) that there exists a non-zero

generator 6 of U1 *!2(A) and a non-zero volume element v € det(L;) such that
(A.15) holds.

We now study how Z'(A) depends on polarizations.

Proposition A.15. Let o € A®Ly. If a € Z1(A), then for every polarization
l=(L,L") of (Ea,g2) and § € U*!(A)

~

fla®v)=0,Vv e det(Ly).

Proof. This is a simple application of Proposition A.12. Indeed, by definition,
there exists some polarization ly of (Fa,ge) for which (A.15) for every 6 €
UlxIz(A). Now, if | is any other polarization of (Es, g2), then Proposition A.12
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gives that there exists a non-zero generator f,c,, € U*!(A) and a CI(E3, g2)
isomorphism Fy,; : S2(E;) — S'(F3) such that

~ ~

enew(a ® V) = E2l(9(a 0y V)) = 0.
This proves the result. O

Proposition A.16. Let | = (L, L") be an arbitrary polarization of (E1,g1) and
let o € U'(Ly). Consider the CI(Ey, g1) module isomorphism Fj,; : A®L} —
AL’ given by Fy, () = I (a)p. Then

Fa(Zh(A) = 24(A)

Proof. Let a € Z1(A) and let I be any polarization of (Esy, g2). By Proposition
A.15, for 0 # 6 € Ul *2(A) and v € det(L;)

o~

fla®v) =0.

Let v, € det(L) be determined by (A.13) (it is non-zero if v is non-zero) and
0 # Onew = F®id(0) € U™2(A) (see Lemma A.9). Then, by Proposition
A1,

Onew(Fii(a) @ v,) = (—1)11918(a @ v) = 0.

Then, by Remark A.14, it follows that Fj,;(a) € Z'(A). Conversely, let 3 €
ZY(A). Then,

0 (B) ov) = (—1)19G,., (3 © v,) = 0, V0 € UM *2(A) and Vv € det(Ly)
which proves that Fljll (8) € Z11(A) and therefore 3 € Fy,;(Z1(A)). O

We are now interested in characterizing the pure spinors which belongs to
the zero set of A. For this, recall the definition of ker (A) (2.20).

Theorem A.17. Letly = (L1, L}) be a polarization of (F1,g1). A pure spinor
© € A*L belongs to Z1(A) if and only if Ni(x) Nker (A) # 0.

The proof of Theorem A.17 relies on a characterization of push-forward
morphisms presented by Sternberg in the Leonard M. Blumenthal Lectures in
Geometry [47].

Sternberg result. Let Vi, V5 be vector spaces and f : Vi — V5 be a linear
homomorphism. Consider the push-forward morphism Ay C D (V1) x D (V)
(2.22). Note that

(i) Ap(V17) = Va5

(ii) ker (Ay) =ker (f) C D (V1) doesn’t intersect Vi*.
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If F: V1@V gean) — (Vi ® Vi, Gean) is any isomorphism such that
F(V*) = V¥, then A¢ o Ap also satisfies (i) and (ii), where Ap is the morphism
given by (2.15). Now, any isomorphism F which leaves V}* invariant is given in
matrix notation by

( 51 <f91>* > - ( é <f91>* >°Tf*3

where f : Vi — V1 is an isomorphism and By : Vi — V* is the map associated
to a 2-form B € A2V} and T7.p is the B-field transformation defined in (2.9).
It is easy to see that

Af OAF :AfofOA

Tf*B.

Proposition A.18. [47] If A C D (V1) x D (Va) is any morphism such that
(i) A(V?) = V5 and
(i) ker (A) NV =0,
then there exists a map f : V4 — Vo and a 2-form B € A2V)* such that
A=AjoA, , ={(X,f'n+ixB, f(X),n) | X eVi,neV5}

Proof. First note that (i) implies that for every £ € V5" there exists n € V;* such
that (§,7) € A. We claim that it is unique: indeed, if there is 71,72 € V;* such
that (£,71;) € A for i = 1,2, then

m —n2 € Vi"Nker (A) =0.

Define g : V5 — Vi* by g(&) = n. It is clearly linear. Let f :=g¢* : V3 — Vo, We
claim that the projection of A on V; x V5 along Vi* x V5 is Graph (f). Indeed,
if (X,€,Y,n) € A, then (as A is isotropic)

0= (=gt + 920) (X, £,Y,1),(0, f*1,0,1))
= =g ((X,9),(0, f*n) + g2 ((Ysm), (0, 1)
n(f(X)) —n(Y)

This implies that n(Y") = n(f(X)) for every n € V5 which proves that Y = f(X).
Now, we claim that there exists B € A2V}* such that

A (Vo) = 75(V1),
where A* C D (V2) x D (Vy) is the transpose (2.18) of A. Indeed, suppose that
n € A'(Va) NV, Then there exists X € V5 such that (0,7, X,0) € A, but as we
saw X = f(0) = 0. Therefore n € V;* Nker (A) = 0. Thus, A* (Vo) N V¥ =0. As
A*(V4) is a Lagrangian subspace of V4 @ Vi*, Example 2.6 says that there exists
B € A?Vy* such that Af(V5) = Graph (By) = 75(V4).
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Finally, if (X, &, f(X),n) € A, then by subtracting (0, f*n,0,n) which is also
in A, one has that (X,& — f*n, f(X),0) € A. By definition, this implies that
(X, & — f*n) € A'(Vz) = Graph (B). Therefore,

E=f"n+ixB
as we wanted to show. O

Before proving Theorem A.17 we need a simple lemma.

Lemma A.19. Let (E,g) be a split vector space and K C E an isotropic
subspace. There exists a Lagrangian subspace L of E such that K C L.

Proof. By choosing a polarization v = (V, V') of FE and identifying V' with V*
via g one can suppose that (E,g) = (V & V*, gean). Now, let S = pry,(K) and
define (see (2.11)) ws € A2S* by

w(X,Y)=¢(Y), for X,Y € 5,

where £ € V* is such that X + & € K. A pair such (S,wg) as we saw (2.13)
always define a Lagrangian subspace by

L={(Y,n)|Y € S and n|s = iyvws}.
It is clear that K C L. O

Proof. (Thm. A.17). To prove the Theorem, the idea is that by changing [,
to a suitable polarization, it is possible to reduce the problem to push-forward
morphisms using Proposition A.18.

First, by Lemma A.19, as ker (A) is isotropic, there exists a Lagrangian
subspace L ¢ E; such that ker (A) C L. Let L' be any Lagrangian
complement to % (it exists by Corollary 2.8) and consider the polarization
1 = (L(l),L'(l)) of Ey. Using g to identify L/ with (L(1>)*, one has an
identification

)*,gcan)

Let L), C FE5 now be the Lagrangian subspace A(L’(l)) and let Ly be any
Lagrangian complement to Ly so that lo = (Lo, L}) is a polarization of Ey. By
identifying L/, with L} via go, one has that

(1) (1)

(E1,91) = (L @ (L

(EQ’gQ) = (L2 @ L;agcan)

and that A is a morphism from D (L(l)) to D (Lsz). The choice of 1" and I

guarantees that
(i) A(L")) = L5 and

(if) ker (A) N (L")* = 0.
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Therefore by Proposition (A.18), there exists a map f : L — L, and a 2-form
Be /\Q(L(l))* such that
A=AfoA, ,.

To finish our choices of polarizations, let 1 = (L(Q),L’(Q)) be a polarization of
By =D (L") where

L = {(X, ixB) €D (L“’) | X € L“)}

and
&5

L =@y

Again, by identifying L' with (L(Q))* via gean, One obtains that

A=Ay,

where f:L(z) — Ly is defined by f(X,ixB) = f(X), for X € L.
By Proposition 3.33 and §A.1.1, one knows that for a pure spinor o €
()
/\.(L )*

o€ 2 (A) if and only if Ao (@) N ker (f) (= ker (A)) £ 0.

Now, for any CI(E1, g1)-module isomorphism F, ;e : AL, — /\'(L(2))*,

one has that

Niy(9) = N (Fy g ()

and
)
@ (21(A)) = 2" (A), by Proposition A.16.

Therefore, for any pure spinor ¢ € A®Lj,

peZh(N) & Fo(p) € 21(n)
54 ./\/l(2) (Flll(2) (¢)) Nker (A) #0
& Niu(p) Nker (A) #0

as we wanted to prove. O

Example A.20. Let (E,g) be a split vector space and let I; = (L1, L)) be a
polarization. We want to re-interpret a classical result of E.Cartan (see [16])
about the the pairing (-,-) (A.1) which says that for two pure spinors ¢1, @2 €
AL}
<<)013 <)02> 7é 0= M1 (‘Pl) li (@2) =0.

Let L be any Lagrangian subspace of (E, —g). Thought as a morphism from £
to the point space {0} (a Lagrangian subspace of E x {0}) it defines a constant
map

Lag(E) — Lag({0}).
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Corresponding to the unique (tautological) polarization of {0}, one can associate
the Clifford module A®0 = R. The transform associated to L as a morphism is
given by a map

~

6: AL} xdet(L;) - R

where § € U0} (L) € A*L} @ R. To choose 6 is sufficient to choose o € A®L}
such that
N (@) = {e € B | Ty ()a =0} = L

as 0 = a® 1 € U103 (L). One such choice is o = ¢}, where
Ml (901) =L
(see Lemma A.8). Thus, the transform is (see (A.4))
0(8 @ v) = v((a", B)1 = v({p1, 8),

Now, note that ker (L) = L as a morphism. Hence, Theorem A.17 asserts that
for a pure spinor oo € A®LY,

~

0=0(p2 @v) =v({¢1,92)) <= N, (p2) Nker (L) = N, (p2) NN, (1) # 0

which is exactly the result of E. Cartan.
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Appendix B

Push-forward on principal
bundles.

We follow [7] to define push-forward in the setting of principal bundles. Start
with the local model. Let N be a manifold and G a connected, compact Lie
group of dimension r. Consider P = N x G with the projections pr; : P — N
and pry : P — G. Differential forms in P can be written as sums of two types:

v e (G), type (I);
veQ¥Q), k<r, type (II)

with f € C*°(P). The push-forward pry, : Q(P) — Q(N) is defined as the
linear map which send forms of type (I) to

< / f(.9) V> a
e
and forms of type (II) to zero.

To define it globally in a general principal bundle P over NV, we have to glue
these local definitions. So let 7 : P — N be a G principal bundle and {;} an
open covering of N such that there exists trivialization ¢; : U; x G — 7~ *(U;)
with ¢;; = (]5-71 o (Z/{z ﬂz/{j) x G — (Z/[z ﬂZ/[j) x G given by

K2

f(z,g9) pria A priv, where o € Q(N) and {

¢ij(x, 9) = (2, 9ij()g)
where g;; : U; NU; — G is a smooth map.
Remark B.1. In the local picture, the Lie group G acts on P via
h-(z,9) = (z,gh).

This local actions glue together to define a global action of G on P. Note that
the infinitesimal vector field up corresponding to u € g locally satisfies

(pTQ)*UP = uLv

where ul € T'(TG) is the left-invariant vector field generated by u.

149
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Locally, any differential form on P is a sum of forms of type (I) and (II).
For forms of type (II), we define 7, to be zero. For a form w of type (I), let
wi = ¢F w| x-1(y,) (similarly for w;). One has

w; = fi(x, g) prioc; A pryv;.
and
wj = fj(x, g) pricg Apray;

where both v; and v; are volume forms in G, a; € Q(U;) and a; € Q(U;). One

has to check that
([ stwam)ai= ([ 5wom) e
G G

over U; NU;. Now, as ¢j;w; = wj, one has that for x € U; N U;

fi(z,9) = fi(z, 9ij(%)g), i = o, and v; = L Vi, (B.1)

where Ly : G — G is left multiplication by g € G. As G is connected, L, : G —
G preserves orientation for every g and therefore, for every x € U; NU;,

| e, = [ fas@ai,wm= [ Lyw@om = [ Ao

which proves that the local constructions glue.

Remark B.2. The push-forward can be seen as a two-step process. The first
step is a bundle map
ANT*P — " A*T*N,

where 7* A®* T*N is the pull-back bundle over P (whose fiber in the point z € P
is A®T () N) which we now describe. For § € A"g, let dp € T'(A"TP) be the
image of § under the natural extension

AN"E:Ag— T'(A"TP)

of the infinitesimal action ¥ : g — I'(T'P). For x € P, let {¢},...,£"} C TP
be a basis such that {¢!,...,£"""} generates Ann (T,(G - x)). Any element of
A*Ty P can be written as a sum of

drtaNE T C (n—rmn]and a € NTr N
and the bundle map restricted to the fiber A*T; P is just Cs,(,) as defined in
(3.25):

0, it I # (n—rn]

Lk I
Copa) s T NE ’—>{ (ig16z) ¢, if I = (n—rn]

As shown in remark 3.37,

Csp(ax) = *2 0 (dTg)x 0 1,
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where *1 : A*T; P — AT, P and x2 : AT )N — /\'T:(z)N are the star maps

(see 3.24) corresponding to vy € det(7;P) and v € det(T} ) N) such that
*1dmivy = 0.

The second step is integration. Let v € A"g* be such that is = 1 and consider

the left invariant volume form v~ on G. For any coordinate neighborhood U of
N with coordinates (z1,...,7,_,) and such that ¢~1(U) =2 U x G, define

D(m* A*T*N| —1qpy) — T(AT*NY,)
f(x, g)da — (f S, )dut) day.

These local constructions glue together to give a map

(B.2)

D(r* A*T*N) — T'(A*T*N)
that when composed to Cs : T(A*T*P) — T'(A*m* A®* T*N) is exactly the push-
forward map.
We now proceed to collect the main properties of the push-forward map.

Proposition B.3. The push-forward map m, : Q(P) — Q(N) commutes with
the deRham differential.

Proof. Tt is a local result, so it suffices to prove it for P = R"™" x G. Let
(z1, -+ ,Zn—r) be global coordinates in R"™" and w = f(x, g) pria A priv be a
form of type I. One has

n—r

do = 3 52 (@.9) pri(das A @) A iy + (. g)prida A priv.
i=1

Therefore

*d:
rodw (/Gg_;

On the other hand,

sres ([ )] -5

i=1

gfo (:mg)u) dri Ao+ (/G f(m,g),,> do.

(/ f(x,g)z/> dz; Ao+ (/ f(;v,g)u) da.

G G

By taking derivatives under the integral sign,
(1%

For forms w = f(x, g)pria A priv of type I1, where v € QF(G) (k < r) one has
that

0
8.731'

ga{l (x,g)u) dr; N o+ </(; f(x,g)y) do = T.dw.

dm.w = 0.
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For x e R"", let j, : G — R™" X G be the inclusion g — (x,g). Then

0, ifk<r—1;
(rodw)], =
(JodGafAv)a  ifk=7r—1
As G is compact, Stokes theorem guarantees that fG d(jrf nv)=0. O

Proposition B.4. For any o € Q(N) and w € Q(P), one has
(T a Aw) = a A mw.
Proof. Note that multiplication by 7*« doesn’t change the type of w. If w is

of type I1, both sides are zero. If w = f(x, g)pri8 A priv is of type I, then by
definition

T (mra Aw) = </fxg >a/\ﬁ—a/\(/fxg) = QA Tw

Proposition B.5. If a vector field X in P is w-related with a vector field Y in
N, then

O

T Olx = 1y O Ty

Proof. As a local problem, suppose that N = R"™" with global coordinates
(1, ,&p—p) and P = N x G. For a basis {uy, - ,u,} of g, one can write

n—r 6 T
=1 =1

where uF is the left invariant vector-field generated by w;. The hypothesis of
r-relation implies that fi(z,g) = fi(z), for f; € C>°(R"~") and

8331

\|Ma~

Now, if w = f(z, g)pria A prip is of type (I), then

ixw = f(z,g)priiyva Apryp + forms of type(IT).

«(ixw) (/fxg )Zyo&lyﬂ'*

It is fairly easy to check that ix takes forms of type I to a sum of forms of the
same type I and thus, in this case, both sides are zero. O

Therefore,
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Now, we wish to prove a useful proposition. Suppose that 8 € Q'(P, g) is a
connection form in P. Let {u!, - ,u"} be a basis of g and

0= ZT: Hiui,
=1

for 97, € Ql(P) For ¢ = 17 e, Ty consider El € g* such that gl(u]) = 5” and
v € Q"(G) the left-invariant volume form generated by £ A--- A&, € A"g*. By
definition, for any u € g,

Oi(up) = &i(u). (B.3)
Proposition B.6.
(0 A 0,) :/ v
G
Proof. By considering a neighborhood U of N with coordinates (x1,: - ,Znp—;)

and such that 7=1(U) =2 U x G, one can assume that P = U x G. In this
case, consider the connection form prj 0y, where Oprc € QH(G, g) is the left
Maurer-Cartan 1-form given by

(Omc), (v) = (dLg-1)g(v), for v € T,G

It is straightforward to see that

i=1
By equation (B.3)
a; = 0; —prs & € Q1(P)
satisfies
tup i = &i(u) = & ((pra)eup) = &(u) — & (u) = 0.
for every u € g and ¢ =1, -- ,n. Thus, by expanding
LN NO, = (a1 +pr§§1L) ARREWA (an—i-pr;f,f),

we see that
G AN, = prz v + forms of type (II)

and thus the result follows. O
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Appendix C

Some proofs.

Proof of Lemma 5.1. First we implement Lagrange method to diagonalize bilin-
ear forms. Let B = {ej, - ,ea,} be a frame over a neighbourhood U of z. Let
bij = g(es,e;). One can suppose b;; # 0 for some i = 1,...,2n (by reordering
the els, choose i = 1). Indeed, if all diagonal terms were 0, one can choose
r,s € {1,...,2n} such that b.s # 0 (g is non-degenerate) over a possible smaller
neighbourhood. For any permutation o of {1,...,2n} such that (1) = r and
0(2) = s, define

er+es, ifo(i)=r;
=4 e —es ifo(i)=s;

€, otherwise.

)
€

Then ¢i1 # 0, where ¢;; = g(eil),ey)). Let ¢j = ¢1;/¢11. Then

L ifi =r;
e; = { %')CT' ' (71> 7
e; —cje; , otherwise.
One has g(e(lg),eé-s)) = 0 for all j # 1. Now repeat the argument for the set
{e(;) by 6(2371} and by induction one obtains an orthonormal frame {6(13), cee 6(22}.
As the bilinear form is split, after a permutation of the basis one can assume

g(ef),eim) = 1(resp. — 1) for i < (resp. >)n.

Finally ( (
3) 3) .y
(3) %(ei +eiyn), ifi <ny
€ = 1, ® (3) irs
ﬁ(eifn—ei ), ifi>n
define a polarized frame over a neighbourhood of x. O

Proof of Proposition 5.9. Let H € Q3(M) be the curvature of V and @y (e;) =
X + € Byles) = Y +1, for X, Y € D(TM) and €, 5 € T(T*M). The first
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equation follows from
ix,y] Lxn A = [Lx, iy +nA-));
iy(ixH—d§)N- =[(dé —ixH) A-,iy] and
[(d¢ —ixH)AN-,nA-]=0.
As for the second, observe that
d(Lxn —iyd§ +iyix H) —ipx y H
= Lxdn —Ly(d§ —ixH) —iydix H —ijx y|H
= Lxdn— Ly(d§ —ixH) +iyixdH — iy LxH —ijx y)H
=Lx(dn—iyH)— Ly(d§ —ixH)
and therefore

Lixy) + (d(Lxn —iydé +iyix H) —ipx y)H) A-
= [ﬁx,ﬁy] + (Ex(dn — in) - ﬁy(df - dle)) N -
= [£X+(d§—dixH)/\',£Y+(d77—7;yH)/\-}

which proves the second equality. O
Proof of Proposition 5.10. Let ®y(e) = X +& € T(TM). One has to prove that
[du, (ix +EN )] =Lx +(dE —ixH) A -

But this is an straightforward consequence of the identities

[d,ix]:ﬁx, [dag/\}:dg/\
[HA-ix]=ixHAN-, [HA,EN-]=0.

To prove the second equation, recall that d comutes with £x and that
[HA-, (d—ixH)N-]=0.
Therefore,

[dV,LY]= [d,(d¢ —ixH)AN-|—[HA-,Lx] =—dixHN-+ LxHA-
=ixdH N -
=0.

O

Proof of Proposition 5.17. First note that ¢ and dY¢ have opposite parity, T
has to be an odd element of I'(A®L’|yy). Moreover, as

(e; Aeg Aes) A" L' € NT3L, for es,ep,e1 € L and i > 0,

it suffices to show (5.8) to prove the Proposition. Now, by Proposition 3.23, F;
intertwines II; with IIy and therefore

ITj(e1Aeanes) Y = Fy M (Ily (e1Aeanes) d¥ o) = Fy ! (Tlg (e1)Ily (e2) v (e3) d” ).
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Using that IIy(e;)p = 0 as e; € I'(L) for ¢ = 1, 2,3 and the Cartan-like formulas
from Proposition 5.9 and 5.10, we obtain

i(e1 Aea Aez)Y = F ' (Ily (e1) Iy ([ez2, e3]) ).
To finish, use that
Iy (e1)y ([e2, es]) + v ([e2, es])IIv (e1) = g(ex, [e2, e3]) Id
and Iy (e1)e = 0 to conclude
I (e1 Aea Aes)Y = F ' (g(er, [ea, es]) ) = glex, [ea, es]).
O

Proof of Corollary 5.18. If L is integrable, then g(ey, [ea, e3]) = 0 for eq, es,e5 €
I'(L). Therefore for any local section ¢ of UV (L), one has I3y = 0 in Proposi-
tion 5.17 and therefore

d¥p =Ty (TW) g,

where T is the component of Y in A'L’ = L’. Conversely, if
dV(UY(L)) C y(L') UV (L),
then for any local section ¢, one has that
T =F""dVyp) e AL
and therefore for any eq, e9,e3 € T'(L)
gler, [ea, e3]) = Mi(e1 Aea Ae3)T = 0.

This proves that [es, es] € T'(L1) = T'(L) and therefore L is integrable. O
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